Channel characteristics for intra-vehicle wireless communications by Mohd Yusoff, Mohd
 
 
Some pages of this thesis may have been removed for copyright restrictions. 
If you have discovered material in Aston Research Explorer which is unlawful e.g. breaches 
copyright, (either yours or that of a third party) or any other law, including but not limited to 
those relating to patent, trademark, confidentiality, data protection, obscenity, defamation, 
libel, then please read our Takedown policy and contact the service immediately 
(openaccess@aston.ac.uk) 
Channel Characteristics for Intra-Vehicle
Wireless Communications
Mohd Nur Irfan Bin Mohd Yusoff




c©Mohd Nur Irfan Bin Mohd Yusoff, 2020
Mohd Nur Irfan Bin Mohd Yusoff asserts his moral right to be identified as the
author of this thesis
“This copy of the thesis has been supplied on condition that anyone who consults
it is understood to recognise that its copyright belongs to its author and that no
quotation from the thesis and no information derived from it may be published
without appropriate permission or acknowledgement.”
Aston University
Channel Characteristics for Intra-Vehicle Wireless Communications
Mohd Nur Irfan Bin Mohd Yusoff
Doctor of Philosophy, 2020
Vehicles are continuously being improved to enhance the driving experience by
integrating new technologies. Recent luxury vehicles may have over 70 Electronic
Control Units (ECU) and 2200 cables. It is estimated that the number of ECUs and
connections between ECUs and sensors will continuously increase to meet growing
network requirements. The wire harness is the third most expensive component in
a vehicle, reducing the number of cables through wireless communications would
consequently result in space, cost, and fuel savings. However, the behaviour of the
intra-vehicle channel and suitable wireless network technologies for an intra-vehicle
network have not been fully addressed.
In this research, the intra-vehicle narrowband loss performance in non-line-of-
sight and line-of-sight condition was investigated and compared through real field
tests. The results indicate that fading behaviour is primarily caused by small-scale
rather than large-scale fading. An empirical-based path loss model is proposed with
its parameters extracted from the real field test measurements. Further analysis
of the small-scale fading through Rician K-factor reveals the dependence of the
K-factor with distance and locations. These investigations suggest that for a nar-
rowband system whereby the bandwidth of the transmitted signal is lower than the
coherence bandwidth; the channel can be modelled using Rician fading. Further-
more, the wideband and ultra-wideband channel was characteristics through a real
field tests. The results demonstrate that the multipath fading of intra-vehicle chan-
nel is much worse than other type of environments such as factory workshops and
hospitals.
Finally, the time-varying characteristics of the intra-vehicle channel, tested under
various scenarios, suggest that the channel’s coherence time is primarily impacted by
passenger motion in the vehicle. Considering both the channel loss and time-varying
characteristics, the performance trade-off’s of the cooperative communication sys-
tem against retransmission was evaluated.
Keywords: channel characteristics, intra-vehicle, wireless communications, auto-
motive
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A vehicle network architecture contains multiple buses and point-based networks
which enable the transfer of information between electronic control units (ECUs).
Historically, additional network buses are added to support the growing number of
sensors and ECUs; in consequence, this leads to increased network complexity [1].
The number of ECU in a vehicle has increased considerably from 75 ECUs in 2010 to
150 ECUs in 2019 [2,3]. In addition, the total cost of sensors and electronic devices
in vehicles is rapidly increasing wherein 2020, it is responsible for 40% of the cost
of a vehicle, as compared to 18% in 2000 [4]. The wire-harness system is the third
most expensive and heaviest component behind the engine and chassis. In a luxury
vehicle, the wire harness can weight as much as 60 kg [5].The increasing network
complexity and cost has attracted significant research attention, where various wired
network solution has been proposed [1].
A wireless solution can provide significant benefits to a vehicle, where it can lead
to cost and weight savings by reducing the size of the wire harness. Additionally,
implementing a wireless solution could ease the design and installation of a vehic-
ular network, which is a time-consuming and labour-intensive process. There are
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relatively few studies conducted on the topic of wireless communications as com-
pared to wired communications in a vehicle. Several wireless network solutions have
been proposed in the literature, which focuses on low data-rate wireless commu-
nications. In recent years, the introduction of new technologies such as advanced
driving assistance systems (ADAS) and autonomous driving has changed vehicle
network requirements, increasing the demand for a high-bandwidth, low-latency,
and deterministic network in vehicles.
Currently, wireless communications in a vehicle are limited to navigation and
infotainment applications and yet to be integrated into other systems such as vehi-
cle control and sensing. Wireless communications must operate reliably in a vehicle
environment which is affected by severe multipath fading. Moreover, the fast in-
creasing number of electronic devices and vehicle electrification pose new challenges
for wireless communications due to the increased radiated electromagnetic interfer-
ence (EMI). A further understanding of the characteristics of intra-vehicle channels
is needed before applying the suitable technologies that can establish reliable and
sustainable wireless connectivity in this challenging environment.
1.1 Research objectives
Replacing the current wired networks in vehicles requires thorough knowledge and
an accurate understanding of vehicle channel characteristics. This study aims to
identify and investigate various factors that could impact the performance of wireless
communications in a vehicle. The results will facilitate the design of wireless intra-
vehicle communication for a unique vehicle environment. Currently, there are no
wireless intra-vehicle network standards available, nor is there a definite answer
on which technology is most suitable for the vehicle environment. Therefore, it is
beneficial to investigate vehicle channel properties from a broad perspective. A series
18
of measurement campaign was conducted to investigate and analyse the channel
properties.
This investigation on vehicle channel properties can be categorised into three
aspects: 1) channel loss, 2) electromagnetic interference (EMI), 3) time-varying
channel characteristic. In the first part, the narrowband, wideband and UWB chan-
nel characteristic is analysed by evaluating the propagation loss, small-scale and
large-scale fading, delay spread, and coherence bandwidth of the channel. In the
second part, the impact of radiated EMI on wireless communications in vehicles is
performed by reviewing the current automotive standard on electromagnetic com-
patibility (EMC) and as well as characterising the EMI in vehicles. In the final part,
the time-varying characteristic in a vehicle environment is investigated by evaluating
the channel coherence time.
1.2 Contributions
The primary contributions of this thesis can be summarised as follows:
• A path-loss model for intra-vehicle narrowband communication is presented
together with its large-scale and small-scale fading statistics. This study high-
lights the method of extracting fading components and the level of influence
from each of these components over the overall loss performance at various
frequencies.
• A Rician K-factor analysis of the small-scale fading is presented, where the
result shows a near-Rayleigh condition.
• The appropriate averaging window length for extracting large-scale fading in
the vehicle environment is presented.
19
• The vehicle multipath characteristics in non-line-of-sight are analysed by eval-
uating the root-mean-squared (rms) delay spread and coherence bandwidth.
In addition, this work presents the dependency of rms delay spread and co-
herence bandwidth with location and distance.
• The electromagnetic interference (EMI) at 433 MHz, 2.4 GHz, and 5.9 GHz on
several locations in a vehicle is presented. The impulsive noise is characterised
according to its likelihood of occurring, burst length, and burst gap.
• The time-varying nature of the vehicle in motion was characterised in term of
its fading and coherence time. The result suggests the vehicle can be treated
as a slow fading channel.
• The performance evaluation of cooperative relaying in comparison to direct
transmission and retransmission scheme was presented.
1.3 List of publications
• Irfan Yusoff, Xiaohong Peng ”Impacts of Channel Loss and Electromagnetic
Interference on Intra-Vehicle Wirelesss Communications,” 2020 IEEE 91st Ve-
hicular Technology Conference (VTC2020-Spring), Antwerp, Belgium, 2020.
• Irfan Yusoff, Xiaohong Peng ”The Multipath Characteristic of an Intra-Vehicle
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(VEHICULAR 2020), Porto, Portugal, 2020.
• Irfan Yusoff, Xiaohong Peng ”On the Rician K-factor of Intra-Vehicle Fading
Channels,” 2020 IEEE 31st Annual International Symposium on Personal,
Indoor and Mobile Radio Communications (PIMRC), London, UK, 2020.
1.4 Structure of thesis
In Chapter 2, the fundamentals of wireless communications, including multipath
propagation characteristics and fading mechanisms is presented; it serves as a foun-
dation for the remainder of the thesis. Chapter 3 covers the current development
of wired vehicle network architecture. It also describes the state-of-art of wireless
communications in a vehicle.
Chapter 4 discusses the analysis of the results on the narrowband characteris-
tics of a vehicle, regarding its large-scale and small-scale fading components. The
analysis of small-scale fading is further expanded with a Rician K-factor analysis.
Chapter 5 investigates wideband channel characteristics in non-line-of-sight condi-
tions, with the multipath channel statistics extracted and analysed. Topics related
to electromagnetic interference (EMI), including a review of current electromag-
netic compatibility (EMC) standards, are discussed in Chapter 6. In Chapter 7,
the time-varying nature of an occupied vehicle was investigated. Furthermore, the
performance of wireless transmission using cooperative relaying, as well as direct
transmission and retransmission scheme was evaluated. Finally, the thesis is sum-





Wireless communications had far-reaching societal impacts. The transfer of infor-
mation no longer must be done through a physical medium. The electromagnetic
theory published in 1861 by James Clerk Maxwell established the foundation of our
understanding of electromagnetic wave propagation. Today, wireless communica-
tions are utilised in many devices, from TVs and computers to mobile phones. In
wireless communications, a channel (H(t)) describes the characteristics of the path
between a transmitter and receiver. Electromagnetic wave propagation is highly
dependent on the type of transmission medium through which the wave travels [6].
It is critical to understand the channel characteristics because they impact the per-
formance of wireless communication systems.
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2.1 The mechanism of radio propagation
The characteristics of the propagation channel governs the level and quality of the
received signal. Similar to other forms of electromagnetic energy, radio waves also
experience reflection, refraction, and diffraction [7]. In an ideal free-space environ-
ment - a vacuum environment where a wave is free from obstacles and obstructions,
the signal strength of a transmitted radio signal travelling between a transmitter and
receiver will be attenuated as a function of distance [8]. In wireless communications,
the attenuation loss due to the influence of the medium in which the signal travels
is known as path loss. The free-space path loss (FSPL) equation is commonly used









where Pr is the received power, Pt is the transmitted power, L is the system loss
factor, Gr is the receiver antenna gain, Gt is the transmitter antenna gain, d is the
separation distance between transmitter and receiver in meters, and λ is the signal
wavelength in meters. According to Eq. 2.1, the signal transmitted between the
transmitter and receiver has an inverse-square law function.
For an environment that is relatively free from obstructions, the FSPL equa-
tion is adequate in estimating the performance of a wireless system. However,
this equation is inadequate for an environment with a dense multipath. Multipath
propagation is an inherent feature of a wireless communication channel, in which a
received signal is a superposition of several delayed copies of the transmitted sig-
nal. In other words, a received signal is a combination of power received from two
or more reflected paths. Several phenomena (for example, reflection, absorption,
diffraction, and scattering) are responsible for the creation of multipath [7].
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Reflection
Reflection occurs when the radio electromagnetic wave hits the smooth surface of an
object with a dimension that is larger than the wavelength (λ) of the transmitted
radio wave. A transmitted wave results in a specular reflection with reduced power
due to the absorption characteristics of the material which it has come into contact.
In practice, reflection happens when a transmitted signal interacts with the ground
surface, buildings, walls, floors, ceilings, and other objects in the environment.
Diffraction
Diffraction occurs when radio waves interact with objects or obstacles with sharp
edges or wedges. The radio waves bend around the obstruction, reducing field
strength.
Scattering
The scattering phenomenon occurs when radio waves come into contact with rough
surfaces, which causes a transmitted wave to scatter into multiple specular reflec-
tions.
2.2 Fading manifestation
In a multipath environment, a radio signal arrives at the receiver in multiple copies
from different directions. Depending on the amplitude and phase of the signal, this
can cause constructive or destructive interference [9]. When the received signal
strength is measured as a function of distance or time, the random fluctuations
in received signal strength, as demonstrated in Fig.2.1 are known as multipath
fading [8]. Fading manifestations can be broadly classified into two primary groups:
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large-scale fading and small-scale fading, as shown in Fig.2.2 [10]. Large-scale is
typically attributed to prominent or large features and objects. Whereas, small-scale
fading refers to rapid changes in amplitude, with changes in separation distance
as small as half a wavelength, as shown in Fig.2.3. A received signal r(t) when
described as a function of time, can be expressed as a combination of large-scale
m(t) and small-scale r0(t) component, as given by [10]:
r(t) = m(t)r0(t) (2.2)
Figure 2.1: Received power against distance.
2.2.1 Large-scale fading
Large-scale fading describes the slow changes in received signal strength, or path
loss with distance, when averaged across multiple wavelengths. In the literature, the
phenomenon is described as being caused by the interaction between the transmitted
signal and prominent or large features such as buildings [11]. Large-scale fading
statistics are expressed in terms of mean path loss (Lm) which can be evaluated
through linear regression, and a log-normally (Xα) distributed variation about the
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Figure 2.2: Fading channel manifestation.
mean, as given by [9, 12]:
Lp = Lm +Xα (2.3)
where the combined loss often stated in dB is denoted by Lp. The mean path loss
(Lm) which is typically modelled by the generalised Friis equation also known as
the log-distance path-loss model, is given by [9]:




where the terms Lref , n, d, d0 represents the path loss at a reference distance, the
path loss exponent, the distance between the transmitter and receiver antennas, and
the chosen reference distance.
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2.2.2 Small-scale fading
Small-scale fading is divisible into two categories: signal dispersion and time-variant
behaviour of the channel [10]. The manifestation can be analysed in either the time
or frequency domains. In a heavy multipath environment, a received signal is a
combination of multiple signals reflected from the environment. In environment
with numerous reflected paths, a small change in distance leads to a change in the
distance travelled on each reflected paths. Hence, this causes a change in phase and
amplitude of the reflected signal which result in a rapid fluctuation in the received
signal strength amplitude, as shown in Fig.2.3.
Figure 2.3: Small-scale fading.
Coherence bandwidth (Bc) is a channel parameter, in which the channel is as-
sumed to be linear in gain and phase for a range of frequencies [9]. A time-invariant
channel can be classified as frequency-selective fading or flat fading [13]. A channel
is deemed to be frequency-selective when the bandwidth of the transmitted signal
(Bt) is larger than the coherence bandwidth (Bc) of the channel. In contrast, a chan-
nel is deemed to be flat fading when the bandwidth of the transmitted signal(Bt) is
smaller than the coherence bandwidth (Bc) of the channel.
In a time-variant channel, a channel is classified as a slow-fading channel when
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the symbol length (ts) in time is lower than the coherence time (tc) of the channel
[14]. In contrast, the channel is deemed to be fast-fading when the coherence time
is shorter than the symbol length in time.
2.3 Channel modelling
A wireless channel is modelled using mathematical or empirical approaches to eval-
uate the performance of various wireless technologies. Improving our knowledge and
understanding of a channel facilitates the design of wireless technologies that are
suitable for such an environment. Broadly, channel modelling can be classified into
two categories: deterministic and empirical, as shown in Fig.2.4 [15].
Figure 2.4: Different channel modelling approaches.
A deterministic model uses mathematical approaches where the physical envi-
ronment is mapped in detail, and the channel is characterised using techniques such
as ray-tracing, ray-launching, and electromagnetic field solvers. The accuracy of a
model is highly dependent on the detailed representation of the environment [16].
The disadvantage of the deterministic method is that the complexity increases with
the number of objects and structures within the environment. As an example, mod-
elling a communication channel on an offshore platform at the sea is much simpler
than modelling a channel operating in a dense city environment.
A channel could also be modelled using statistical or empirical approaches. The
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empirical method is less complicated and yields a more accurate representation of a
channel because it accounts for materials and detail feature of the structures. There
are various approaches, ranging in complexity from simple path-loss measurements
to channel-response measurements.
2.3.1 Amplitude statistics
The received signal is a combination of multiple reflected signals as a consequence
of interaction with a multipath environment. The interaction of the signal with the
environment can cause the signal to vary with time and distance. The envelope
amplitude of small-scale fading is commonly modelled as a statistical distribution,
usually as a Rician or Rayleigh distribution function [17].
Rayleigh
Rayleigh distribution is used to describe small-scale fading with no specular com-
ponent. In other words, the channel is modelled as an environment without a








where r is the amplitude of the signal and σ is the standard deviation of the signal.
Rician
In some scenarios, a direct line-of-sight (LOS) path between the transmitter and
receiver may exist. In this situation, the Rician distribution is more appropriate
for describing the fading statistics. Rician fading is usually described using two






where K is the ratio of the dominant component (A2) to the scattered component
(σ2). As the amplitude of the dominant component approaches zero, the Rician dis-
tribution approaches the Rayleigh distribution. In addition to Rician and Rayleigh
distributions, other distributions that have been used to model the amplitude statis-
tics of small-scale fading include the Nakagami and Weibull distributions.
2.3.2 Multipath channels
In wireless communications, multipath propagation is modelled as a Channel Im-
pulse Response (CIR), also known as Finite Impulse Response (FIR) filter in linear
systems. A channel can be characterised as a time-dependent impulse response
h(t, τ) or a frequency-dependent H(ω, τ) impulse response [21]. In a time-invariant
system, the output of the system y(t) for a given input x(t) can be determined using




h(t, τ)x(t− τ)dτ (2.7)
The interaction between the transmitted signal with the environment causes multiple
delayed copies to be received on the receiver. The received signal consist of a time-
delayed, attenuated and phase-shifted copy of the transmitted signal, as represented
in Fig.2.5. The channel when assumed to be time-variant h(t, τ) or time-invariant





−jφiδ(τ − τi) (2.8)
where ai(t), δ(τ) and φi represents the amplitude of a multipath, the Dirac delta
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Figure 2.5: An example of a channel impulse response (CIR).
function and the ith phase angle, respectively.
The power delay profile (PDP (t)) is commonly used to analyse the multipath
characteristics of a wireless channel. The PDP is the square magnitude of the
channel impulse response (CIR), as expressed in [9]:
PDP (t) = |h(t)|2 (2.9)
The multipath of an environment is characterised by parameters such as root
mean square (rms) delay spread (τrms), mean excess delay (τ̄) and maximum delay
spread (τmax). The parameters are calculated using the extracted PDP (t). Thee










where ak and τk represent the measured PDP gain and time of the kth path,
respectively. The rms delay spread τrms is evaluated from the τ̄ as given by [25]:
τrms =
√
τ̄2 − τ̄2 (2.11)
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The coherence bandwidth (Bc) measures a range of frequencies where the signal is
strongly correlated [9]. The rms delay spread of a channel is inversely proportional











2.4 Summary and conclusions
This chapter has presented the fundamentals of radio propagation, including propa-
gation mechanisms and an overview of fading manifestations. Fading channel mani-
festations are classified into two categories: large-scale and small-scale fading. Small-
scale fading can be further categorised into two groups, which cause time-spreading
of the transmitted signal or time-variance of the channel due to movements. A
wireless channel modelling can be broadly classified as a deterministic or an empir-
ical based model, each of which has its own benefits and drawbacks. In summary,
this chapter has provided fundamental background, serving as a foundation for the






The current generation of vehicles is much more complicated than those of decades
ago. In the early years, vehicle controls and monitoring were based on mechanical
actuators. The demand for fuel efficiency, increased safety and better driving expe-
rience has led to many innovations in automotive technology [26]. Modern vehicles
are equipped with a multitude of sensors such as temperature, speed and proximity
sensors that provide essential information about the vehicles. A vehicle network
architecture comprises multiple bus- and point-based networks that support various
communication requirements. Historically, additional buses or direct point-to-point
links have been added to support new sensors and ECUs, which has the vehicle
network to grow in complexity.
Bus-based networks such as CAN (Control Area Network) were later introduced
to support the growing demand for bandwidth. In 2011, it was reported that a
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luxury vehicle could have as many as 60–75 ECUs with 6 CAN networks and 6 LIN
networks [2]. Today, the number of ECUs in a luxury vehicle could exceed 100, and
it is estimated that the number of sensors and ECUs will continue to grow in the
near future.
There are several automotive network technologies available today such as CAN,
FlexRay, LIN, MOST, LVDS and Automotive Ethernet [1]. Each of the technologies
is designed to support a wide range of requirements. A summary of specifications
for each of the network technology is shown in Table 3.1.
Table 3.1: A summary of network protocol specifications.
Technology Bitrate Topology Protocol
LIN 19.2 Kbps Point-to-point Serial
CAN 1 Mbps Bus-based CSMA
FlexRay 20 Mbps Point-to-point TDMA
MOST 150 Mbps Ring topology TDMA
LVDS 655 Mbps Point-to-point Serial
100BASE-T1 100 Mbps Bus-based TDMA
1000BASE-T1 1000 Mbps Bus-based TDMA
3.1.1 CAN
The CAN bus, which employs Carrier Sense, Multiple Access with Collision Resolu-
tion (CSMA/CR), is the most widely used and popular vehicle network technology.
The CAN standard was originally developed in 1983 at Robert Bosch GmbH, and
extended in 1991 to allow extended frame format [27]. The CAN bus network can
be differentiated into two categories: high-speed and low-speed. The high-speed
CAN is used in applications with a data rate of up to 1 Mbps. The low-speed CAN,
also known as fault-tolerant CAN, is used in applications with a data rate of up to
125 Kbps. The main difference between the two categories is the method of termi-
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nating cables. The latest standard, released in 2016, supports a data rate up to 5
Mbps [28]. A variation of the CAN standard with time-triggered and deterministic
features, known as TT-CAN, has been introduced to support new vehicle network
requirements.
3.1.2 LIN
The LIN or Local Interconnect Network (LIN) standard was developed in the 1990s
by the LIN Consortium [29, 30]. The network was developed as an inexpensive
and simple single wire solution with a standardised data rate of 9.6 kbps or 19.2
kbps. The network operates similarly to the commonly used UART (Universal
asynchronous receiver– transmitter). The LIN standard is typically used to connect
localised sensors such as a vehicle door module sensor to an ECU.
3.1.3 FlexRay
FlexRay’s development started in 1999 with the aim of developing a deterministic
network, robust and able to support high-bandwidth applications. FlexRay incor-
porates time-division multiple access (TDMA) with a maximum data rate of 10
Mbps [2]. The network is typically used in safety-critical domains such as the driv-
etrain where deterministic timing is crucial for safety. The price per controller in a
FlexRay system is relatively higher than in a CAN system, which is a consequence
of precise timing and implementation complexity.
3.1.4 MOST
The Media-Oriented Systems Transport (MOST) system is an optical fibre-based
solution which provides immunity to electromagnetic interference [31]. The network
was developed to support high-bandwidth infotainment applications. MOST has a
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synchronous ring topology with a fixed, configurable data rate at 25, 50 and 150
Mbps. Although MOST offers advantages from synchronised timing, robustness and
high bandwidth, its complexity imposes high implementation and design costs. In
recent years, automotive Ethernet has become more favourable than MOST due to
its similar bandwidth and relatively cheap implementation.
3.1.5 LVDS
The Low-Voltage Differential Signal (LVDS) standard is a point-to-point network
solution originally developed by National Semiconductor to support increasing de-
mand for higher bandwidth [32]. The standard specifies a maximum data rate of
655 Mbps; however, data rates above 1 Gbps are common [1]. In vehicles, the LVDS
is used for high-bandwidth applications such as vehicle cameras.
3.1.6 Automotive ethernet
For decades, Ethernet has been the standard local area network (LAN) technology
for personal computers, but was not used in vehicles. This is mainly due to not
meeting the automotive electromagnetic interference (EMI) requirements. In addi-
tion, there is concern that, at high data rates, Ethernet networks would produce
too much noise, interfering with other devices within the vehicle. Apart from that,
standard Ethernet could not guarantee latency down to the microsecond level as
required for safety-critical applications.
In 2011, Broadcom announced the BroadR–Reach PHY automotive Ethernet
standard. Automotive Ethernet operates over two wires in contrast to the standard
eight-wire shielded Ethernet, which reduces cost and weight. BroadR-Reach PHY
is specified to operate at up to 100 Mbps without needing additional cable shielding
[33]. Today, BroadR–Reach PHY is used in high data rate applications such as radar
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and cameras. In recent years, 1 Gbps and 10 Gbps Ethernet have been tested and
developed, with discussion on looking towards beyond 10 Gbps. As an extension
to the automotive Ethernet standard, there is growing interest in the automotive
industry on time-sensitive networking (TSN), which allows real-time communication
over Ethernet [34].
3.2 Vehicle network architecture
Vehicle network architecture design considers several factors such as space, weight,
and, most importantly, cost [35, 36]. Although there is a wide range of network
technologies available, CAN buses are still widely used as they are inexpensive.
Vehicle functions are generally grouped into functional domains. Fig.3.1 shows
a typical vehicle network architecture. The vehicle’s electronics are divided into
domains with different network requirements, i.e. Powertrain, Chassis, Body and
Comfort, Driver Assistance and Driver Safety, and Human-machine interface [37].
The powertrain components relates to providing mechanical energy for the vehi-
cle such as the engine, wheels and transmission. The chassis components support
the powertrain, and include steering, suspension and brakes. Body and comfort
components address air conditioning, heater, seat controls, windows, etc. Driver
assistance and driver safety components relate to vehicle navigation, parking sen-
sors and ADAS. Lastly, the human–machine interface components provide interfaces
between passenger and vehicle, such as the infotainment system. Each domain will
have its own specific requirement and latency. Table 3.2 summarises a typical do-
main requirement.
A vehicle network architecture implements multiple network technologies. For
example, the powertrain and chassis-related controls and sensors are linked to the
ECU through a CAN bus network. For body-related controls such as the door
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Table 3.2: A summary of domain latency and bandwidth requirements [37].
Domain Latency Bandwidth
Powertrain < 10 us Low
Chassis < 10 us Low
Body and comfort < 10 ms Low
Driver assistance and
driver safety




< 10 ms Varies between systems
Table 3.3: SAE functional classifications.
Classification Bitrate Applications
Class A < 10 kbps Convenience features, sensor and
button interfaces
Class B 10 kbps - 125 kbps General information transfer, body
electronics, comfort
Class C 125 kbps - 1 Mbps Real-time control, power-train etc.
Class D 1-10 Mbps Drive-by-wire or x-by-wire, active
safety
Infotainment > 10 Mbps Infotainment, video streaming etc.
module, LIN networks are used. These networks are linked together through a
multi-protocol gateway or bridge as a means for information to be translated into
other network protocols.
The SAE, previously known as the Society of Automotive Engineers, has pub-
lished a functional classification standard for vehicle networks [38,39] based on func-


































3.2.1 Future network requirements
In recent years, medium-class vehicles have come to be equipped with features for
safety and driver assistance. The demand for such features has increased the size
and complexity of in-vehicle networks in a cost-sensitive market. Therefore, new
design methods for efficient realisation are needed while meeting the automotive
industry’s stringent reliability requirements.
In recent years, there has been increasing interest in low-latency and deter-
ministic vehicle networks, with the increasing network requirements being mainly
to support infotainment and advanced driving assistance systems (ADAS) for fu-
ture vehicles. The automotive industry is currently focusing on automotive Eth-
ernet [41–44]. In addition, there is also growing interest in distributed computing
networks that process information through a distributed ECU using a low latency
network [45].
It is clear, there are growing computing design requirements for vehicles now, and
in the future. As bandwidth and the number of ECUs increased, vehicle networks
have become more complex and heavy due to the practice of adding further networks
to support the growing demand. Configuration complexity, cost, weight, space and
reliability will be paramount in vehicle network research and design.
3.3 Wireless network in vehicles
Vehicles are equipped with a multitude of sensors and electronic devices. The num-
ber of electronic devices in a vehicle has increased significantly over the decades, as
has the cost of those devices: in 2000, electronics constituted up to 18% of the total
cost of the vehicle [4]. By 2018, the cost proportion had increased to 40% [4].
It has been reported that the wire-harness system of a vehicle can be the third-
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most expensive and heaviest component, behind the engine and chassis. The number
of cable and cost per vehicle is increasing [5,46]. In a luxury vehicle, the wire harness
can weigh up to 60 kg; in a more typical vehicle, the weight is estimated to be 35–42
kg [5]. Increases in the harness’s weight and cost could be mitigated by introducing
a wireless network solution into future intra-vehicle network architecture. A wire-
less network solution offers significant benefits as it can reduce weight and physical
space needs. In turn, weight and space reductions will lead to improved fuel effi-
ciency. Furthermore, introducing a wireless solution will ease the time-consuming
and labour-intensive processes of designing and installing a vehicular network. An-
other benefit of a wireless network is the possibility to upgrade it, as no significant
modification and re-cabling are required. In consequence, wireless networking could
lead to modular electronic architecture.
An article published in IET Computing & Control Engineering Journal in 2001,
titled “Vehicles without Wires” by G. Leen and D. Heffernan [47], was one of the first
attempts to look at the possibility of using commercially ready wireless technology
for intra-vehicle networks. One concern for designing wireless intra-vehicle networks
is whether the wireless solution would be able to achieve the same performance as
the wired network solution, especially in terms of network reliability. This can,
however, be achieved by understanding the characteristics of intra-vehicle channels
before applying suitable technologies to establish reliable and sustainable wireless
connectivity in this environment.
3.3.1 Channel investigation and its models
The vehicle is a confined environment with a reflective structure and objects. A
wireless network solution must operate under this challenging operational condi-
tion. There have been several studies investigating the channel characteristic of
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a vehicle environment. The research can be categorised into three groups by the
bandwidth of the wireless technology examined: narrowband, wideband and ultra-
wideband. Throughout the years, research on the wireless intra-vehicle network
has focused mainly on the ultra-wideband (UWB) régime. This is demonstrated
by the far greater number of studies on UWB systems [48–71] than on narrowband
systems [72–81]. The trend toward UWB started with the authorisation of unli-
censed UWB operation by the Federal Communications Commission (FCC) [82].
The use of UWB for vehicle network is preferred due to its better performance in
heavy multipath environments than narrowband solutions can typically achieve [69].
Although it is compelling to implement a UWB solution for vehicle network, the
maximum transmission power allowed for UWB systems is significantly lower than
for narrowband systems [83]. As a consequence, UWB is more prone to electro-
magnetic interference (EMI) [84]. Currently, there are no standards nor a definite
answer on which technology is most suitable for such an environment. Therefore, it
is beneficial to investigate intra-vehicle channel prospects from a broad perspective.
Vehicle chassis are typically made from metal, which can be modelled as a rever-
beration chamber [71,81,85–87]. NLOS and LOS conditions do not have a significant
influence on extracted channel parameters [79], but, for narrowband communication,
the multiplicity of transmission paths results in a higher number of deep fading lo-
cations than UWB produces in the same environment [88].
Channel conditions are sensitive to many factors, e.g. transmitter and receiver
movement, or objects that reflect, scatter or diffract waves within the environment
[14]. A preliminary investigation has shown strong correlation of channel variation
with passenger movement [74,89,90]. In comparison, external environmental factors
have a negligible or small impact on the channel [54, 55, 79]. In addition, other
factors such as engine vibrations and road conditions have a relatively small impact
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on the channel, in comparison with the occupants’ movements [91,92].
3.4 Summary and conclusions
In this chapter, the background and state of the art of wired vehicle network and its
architecture were discussed. Today’s vehicle is much more complicated than that
of decades past, now involving a multitude of sensors and different networks within
the vehicle. The cost of vehicle electronics, including the wire harness, has increased
significantly throughout the years, and demand is increasing for more cost-effective
and higher-bandwidth networks. As bandwidth requirements and implementation
costs make wired systems prohibitive, a wireless technology may prove increasingly
useful. Wireless technologies offer significant benefits, allowing the wire harness to
be reduced or eliminated from vehicle network architecture. In addition, current
wireless network performance has become comparable to its wired counterpart. For
example, a 802.11ax wireless LAN system-on-chip (SoC) can achieve a data rate
of up to 4.8 Gbps, and is already commercially available [93]. Currently, there
are no standards nor a definite answer on which technology is most suitable for
such an environment. Therefore, it is beneficial to investigate channel from a broad
perspective by comparing the channel performance at varying bandwidth. A suitable







Vehicles contain multiple ECUs that communicate with each other through a bus- or
point-to-point-based network. The network technology chosen is based on specific
performance requirements. For example, control-related applications require high
reliability and low latency, whereas infotainment and camera-based advanced driver
assistance systems (ADAS) applications may require a higher bandwidth with less
stringent latency requirements. Thus, any wireless network solution needs to address
these varying network requirements.
To achieve this goal, the properties of intra-vehicle wireless channels need to be
thoroughly investigated to develop appropriate technologies and protocols that can
ensure the transmission performance required.
The aim of this work is to gain a better understanding of the characteristics of
intra-vehicle channels in passenger and boot compartments for narrowband wireless
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signals. In particular, this should be in terms of their distance-dependent atten-
uation factor and fading property at two different frequencies: 2.4 and 5.9 GHz.
These frequencies are selected as they cover the 2.4 GHz unlicensed band and 5.9
GHz dedicated short-range communications (IEEE 802.11p) band.
The extent of influence from each of these components on the overall loss perfor-
mance at different frequencies is demonstrated. This work reveals the location/distance-
based loss performance and fading phenomenon in both small- and large-scale as-
pects. Simultaneously, it will be shown how they collectively contribute to the loss
performance in such a complicated environment. Furthermore , the Rician K-factor
of small-scale fading is investigated using the moment-based estimator method. The
results provide a better understanding of intra-vehicle channel behaviour, especially
the spatial fading characteristics in this complex and unique environment.
Work on narrowband performance has been largely overlooked compared to
ultra-wideband (UWB) transmission, as demonstrated by the number of available
published works [57]. It is essential to understand the narrowband behaviour of
the intra-vehicle channel. This is because the signal bandwidths of potential intra-
vehicle wireless technologies (i.e. Bluetooth, Zigbee, and Wi-Fi) are lower than the
coherence bandwidth of the channel.
Although there have been some investigations on the propagation characteristics
of narrowband signals in intra-vehicle wireless channels, most are more focused on
the general behaviour of this type of channel, such as channel coherence bandwidth,
frequency diversity , and power delay profile. Some exemplar works include a simple
analytical multi-ray model with field measurements [73], and an analysis of the
potential benefit of frequency diversity for intra-vehicle wireless applications [76]. A
further study [74] examines channel coherence time and channel loss statistics at 915
MHz and 2.4 GHz, but without considering distance-related loss performance. In
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Figure 4.1: Block diagram of experimentals testbed.
addition, both UWB and narrowband channel models were presented for the engine
compartment in [94], which can vary considerably from the passenger compartment
in propagation characteristics.
This chapter is organised into multiple subsections. The testbed setup, config-
urations, and scenarios are described in Section 4.2. The components (mean path
loss, large-scale fading, and small-scale fading) are described in Section 4.3. Finally,
the chapter is summarised in Section 4.4.
4.2 Testbed setup
A testbed was developed using two Universal Software Radio Peripheral (USRP)
B210 devices from National Instruments, as shown in Fig.4.1. The two USRPs were
attached to a laptop with one used as a transmitter and the other as a receiver.
The USRPs were connected to omnidirectional antenna from Linx Technologies and
Taoglas Limited when performing the 2.4 and 5.9 GHz measurements, respectively.
Application codes were individually written for the transmitter and receiver,
which performed the signal generation and measurement processes. The transmitter
application code (written in Python) generates a continuous waveform, which is then
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Figure 4.2: A diagram of equipment calibration setup.
transferred to the connected USRP for signal transmission. The receiver application
code configures the USRP to the required settings and stores the received waveform
samples. The captured samples were further processed, whereby the received voltage
was converted to received power in dBm within MATLAB.
4.2.1 Calibration procedure
The supplied USRPs were not factory calibrated. To compensate for loss and mea-
surement errors, each USRP was individually calibrated using a spectrum analyser
(Tektronix) . The transmitter was calibrated with the setup shown in Fig.4.2. The
transmitter USRP transmits a continuous wave at the chosen frequency, while the
spectrum analyser measures the received power. The measurement was repeated for
different USRP gain settings . Similarly, the receiver was calibrated with the setup
shown in Fig.4.3. The receiver was calibrated by measuring the losses between the
front end of the USRP and the analogue-to-digital converter (ADC). The transmit-
ter power level was varied while the receiver power measured from the USRP was
recorded. The loss was calculated by deducting the transmitted power from the
received power.
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Figure 4.3: A diagram of equipment calibration setup.
4.2.2 Measurement procedure and scenario
The test was performed in the passenger and boot compartments of a Land Rover
Discovery vehicle. The transmitter USRP was configured to transmit a baseband
signal modulated by a carrier wave at the chosen frequency of either 2.4 or 5.9
GHz. The USRP output power was set as -1 and -5 dBm for the 2.4 and 5.9 GHz
measurements, respectively. The receiver recorded the received signal waveforms for
over a 10 s period, which resulted in a total of 100 million received samples in the
time domain for each testing location. The measurements were repeated three times
for each of the test locations. The related settings are summarised and specified in
Table 4.1.
To minimise the impact from interference and to ensure the chosen channel was
free from interference, a frequency spectrum scan was performed before taking mea-
surements. The vehicle was maintained in a stationary position (without mobility
condition involved) throughout the test with the engine and electric power turned
off. Objects and human movement were kept away from the vicinity of the vehicle
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Table 4.1: USRP settings at 2.4 GHz and 5.9 GHz
Frequency Setting 2.45 GHz 5.9 GHz
Antenna ANT-2.4-LCW-SMA TG.35.8113
Tx Power -0.8 dBm -5.18 dBm
Tx Gain Setting 73 73
Rx Gain Setting 35 60
Bandwidth 1 Hz 1 Hz
Sample Rate 10Msps 10Msps
Update Rate 1Msps 1Msps
Figure 4.4: Measurement locations.
throughout the tests to mitigate for error caused by external factors. The antenna
were vertically polarised throughout the tests with the transmitter and receiver
aligned towards the back and front of the vehicle, respectively. The transmitter
was placed at a fixed location on the dashboard of the vehicle, whereas the receiver
USRP was moved to a different location after each measurement. Measurement
points for the transmitter and receiver are presented in Fig. 4.4. It was ensured
that locations were more than one wavelength apart, and clearly marked.
All necessary information (such as the height and relative distance of the lo-
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cation) was recorded and used to calculate the separation distance between the
transmitter and receiver antenna. The recorded results were processed in MATLAB
in the form of complex numbers and then used to extract the received power in
dBm.
4.3 Experimental results and data analysis
Propagation loss of the radio signal transmitted between receivers is typically de-
scribed as path loss L. To calculate the path loss (or attenuation loss) from the
collected data, the known transmission power Tx was subtracted from the measured
received power Rx as follows:
L = Tx −Rx (4.1)
4.3.1 Path loss
There are various different models used to represent the characteristic of loss in an
environment. One such model is the log-distance path loss model (also known as
the Friis equation ). In this study, intra-vehicle path loss behaviour was modelled
using the log-distance path loss model with additional terms representing small- and
large-scale variation or fading. The combined path loss, denoted by Lp, is expressed
(all in dB) as follows:
Lp = Lm + Ψα + βs (4.2)
where the term Lm represents the mean path loss, Ψα is large-scale fading, and βs
is small-scale fading.
The mean path loss Lm is defined by the generalised Friis equation comprising
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two parts: 1) the loss at a reference distance, d0, from the transmitter, and 2) the
loss logarithmically increasing with distance, which is described by [9], as follows:




where the terms Lref , n, d, d0 represent the path loss at a reference distance, the
path loss exponent, the distance between the transmitter and receiver antenna, and
the chosen reference distance, respectively.
The mean path loss Lm was estimated using the least square linear regression
method [95]. Base on Eq.(4.3), mean loss values for the 53 receiver locations, Lm,i
were obtained as follows:








i=1(xi − x̄)(Li − L̄)∑53
i=1(xi − x̄)2
, and (4.6)





Here, di and Li represent the distance of the ith location (in meters) and the instance
path loss of the ith location (in dB), respectively.
Path loss and estimated mean path loss, which represent the first path loss
component, Lm, were produced as shown in Fig.4.5 for 2.4 GHz and Fig.4.6 for 5.9
GHz. The extracted parameters for both 2.4 and 5.9 GHz are presented in Table 4.2,
together with the loss at the reference distance, Lref . Path loss for both frequencies
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Table 4.2: Estimated loss exponent and reference path loss.
Frequency (GHz) n Lref (dB)
2.4 2.212 37.04
5.9 1.289 50.43
exhibits a different loss characteristic, whereby at 5.9 GHz the overall path loss is
higher than at 2.4 GHz. For comparison purposes, the results of the Friis model (or











where f and c represent signal frequency and the speed of light, respectively. These
results indicate that the mean path loss of the intra-vehicle narrowband transmission
exhibits a varied relationship with the free-space loss. At 2.4 GHz, the mean loss
is lower than the free-space loss by a range of 2–4 dB over a distance of 3 m in
the vehicle (as shown in Fig. 4.5). However, when the frequency was increased to
5.9 GHz, the mean loss increased significantly compared with the free-space loss for
most of the test range, as shown in 4.6. It was also observed that the path loss
performance inside vehicles (in terms of the scale of variation), is mainly attributed
to the multipath fading effect, which will be examined in detail in the following
subsections.
4.3.2 Large-scale fading
Large-scale modelling is an important characteristic when designing a wireless sys-
tem. In this study, large-scale fading (also known as shadowing) represents the
local average slow fading characteristics of the received signal. The received signal
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Figure 4.5: Measured path loss, mean path loss and loss due to large-scale fading
at 2.4 GHz.
Figure 4.6: Measured path loss, mean path loss and loss due to large-scale fading
at 5.9 GHz.
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envelope is a combination of the local mean of slow varying signal (large-scale fad-
ing) Ψα(x) with a fast-varying component (small-scale fading) βs(x), expressed as
follows:
r(x) = Ψα(x)βs(x) (4.9)
The large-scale fading component can be extracted from r(x) by spatially aver-
aging the received signal with an appropriate averaging length 2L. The appropriate
length for different carrier frequencies and environment such as indoor and outdoor
has been investigated [96]. However, to the best of our knowledge, there are no
published work on determining the appropriate averaging length for an intra-vehicle
environment. Lee has provided an analytical recommendation in estimating the
appropriate 2L [97]. Based on Eq. (4.9), the estimated local mean r̂(x) can be







where 2L represents the signal length, which is defined as the length of distance
covered by a set of signal samples used to appropriately average the signal data for
analysing fading properties. The term r̂(x) will be close to the true mean Ψα(x)
when 2L is properly chosen. The large-scale fading component Ψα can be extracted








where li is the path loss of the ith signal sample. To find 2L, Lee introduced the
1α − spread parameter, which represents the scale of signal variation around the
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Figure 4.7: 1α-spread (in dB) vs. signal length 2L using the Lee method for 2.4
GHz.
true mean, as follows:




where αΨ̂ is the standard deviation of Ψα. The 1α− spread parameter for both 2.4
and 5.9 GHz frequencies were plotted against signal length 2L in wavelength (λ)
according to Eqs. (4.11) and (4.12), as shown in Figs. 4.7 and 4.8, respectively.
According to the Lee method [97], the upper bound of 2L is defined as the value
when the 1α − spread is equal to 1 dB, which was shown to be 12λ and 17λ for
2.4 GHz and 5.9 GHz, respectively. The estimated 2L using this method provides
the upper bound limit where the large-scale fading component will not be smooth
out during the averaging process. However, this method only provides an estimate
where the true or optimum signal length will be less than the wavelength at 1-dB
1α− spread. The method of estimating the lower bound of 2L is discussed in [96].
A vehicle with a similar dimension as the vehicle tested will be able to use the upper
bound estimated in this work to extract the large-scale fading component.
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Figure 4.8: 1α-spread (in dB) vs. signal length 2L using the Lee method for 5.9
GHz.
Figure 4.9: 1α-spread (in dB) vs. signal length 2L using the generalized Lee method
for 2.4 GHz.
Optimum signal length (2L)
We can determine the optimum signal length that helps to maximise the accuracy
of the channel model built from the testbed measurements. This can be achieved
by applying the generalised Lee method [98], in which Ψα given in Eq. (4.11), is
replaced by Ψ̂α, the averaged Ψα over the signal length. This is shown as follows:
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Figure 4.10: 1α-spread (in dB) vs. signal length 2L using the generalized Lee







Here, the 1α− spread in the generalised Lee method is expressed as follows:




By applying Eqs.(4.14) and (4.13) to the measured received signal, the 1α− spread
vs signal length 2L in wavelength (λ) was plotted, as shown in Fig. 4.9 and 4.10.
The optimum signal length 2L which corresponds to the lowest 1α − spread value
available is obtained as 7.4λ and 19.6λ for 2.4 and 5.9 GHz, respectively.
Having determined the optimum signal length, the large-scale fading component
Ψα for 2.4 and 5.9 GHz were extracted from the measured path loss Lp, as shown
in Figs. 4.5 and 4.6, respectively. The statistical property of Ψα, in terms of the
relative loss variation (RLV), can be represented by a cumulative density function
(CDF) as depicted in Figs. 4.11 and 4.12. This is found to follow a log-normal
distribution (normal in dB).
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Figure 4.11: The CDF of large-scale fading and log-normal fit at 2.4 GHz.
Figure 4.12: The CDF of large-scale fading and log-normal fit at 5.9 GHz.
4.3.3 Small-scale fading
Small-scale fading is defined as the variation of received signal power over a short
time period or a short distance less than a few wavelengths. According to Eq. (4.15),
the small-scale fading component βs is obtained by deducting the large-scale fading
component Ψα and the mean path loss Lm, as follows:
βs = Lp − Lm −Ψα (4.15)
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Figure 4.13: The cumulative distribution function (CDF) of relative loss variation
(RLV) for Small-scale fading βs and Rician fit.
The CDF of the relative loss variation (RLV) of small-scale fading βs for 2.4 and
5.9 GHz are shown in Figs. 4.13 and 4.14, respectively. The small-scale fading
on both frequencies demonstrated much greater variation approximately 25 dB in
RLV) compared to large-scale fading Ψα (approximately 2–4 dB in RLV), as shown
in Figs. 4.11 and 4.12. In addition, the deepest fade at both 2.4 and 5.9 GHz was
found to be approximately 17 dB below the mean path loss Lm.
By comparing the CDFs for both large- and small-scale fading, it is evident
that small-scale fading was dominant in contributing to the overall path loss in the
intra-vehicle environment. The RLV caused by small-scale fading was significantly
higher, reaching as much as 18 dB.
The CDF of small-scale fading βs at 2.4 and 5.9 GHz demonstrated similar
distribution pattern. A two-sample Kolmogorov–Smirnov (KS) test was performed
on the small-scale fading samples, which resulted in a probability value (ρ-value) of
0.9. The high ρ-value signifies that small-scale fading between the two frequencies
was highly correlated. In other words, small-scale fading was does not change when
the carrier frequency is changed from 2.4 GHz to 5.9 GHz or vice versa.
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Figure 4.14: The cumulative distribution function (CDF) of relative loss variation
(RLV) for Small-scale fading βs and Rician fit.
4.3.4 Rician fading channels (K-factor)
A vehicle can be considered a confined environment with challenging operating con-
ditions. As a result, wireless communications inside a vehicle are exposed to mul-
tipath fading scenarios, and in some cases, no direct transmission paths can be
established (referred to as the Rayleigh channel condition), while in other scenarios
the channel behaviour can be described as Rician, where one direct transmission
path and other scattered paths co-exist. The Rician K-factor represents the ratio
between the power in the direct path and the power in the other scattered paths,
which reflects the true channel statistics [9].
It is important to know under which conditions the channel should be regarded
as Rayleigh or Rician with a specific K-factor, as this will help to determine realistic
channel behaviour and to select the most appropriate technologies to address the
challenges of intra-vehicle communications.
Few published results explicitly address the Rician K-factor for intra-vehicle
fading channels. In [94], a propagation channel model for the engine compartment
was presented, involving large-scale fading with a normal distribution and small-
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scale fading with a Rician distribution. To characterise small-scale fading with the
Rician K-factor, the authors used two distance ranges (<450 and ≥450 mm). This
resulted in only two K-factors being available for the small-scale model that was
derived. The approach used in this study (utilising the moment-based estimator [99])
meant that a range of K-factors corresponding to varying distances (from 0.5 to
2.8 m) could be obtained to reflect fading scenarios in a real-world environment
realistically.
In [100] and [78], the authors investigated the potential impact of the coexistence
of Zigbee and Bluetooth, or Zigbee only, by presenting a small-scale fading model
with a brief Rician K-factor analysis. However, their results were based on a small
number of measurement locations (just four locations in [100]) in the vehicle. In
contrast, the results for the K-factor analysis in this work were produced from
53 different locations across the passenger and boot compartments in a vehicle, to
ensure a convincing and accurate small-scale fading model could be achieved. In
addition, [78] assessed the variability of small-scale fading in the time domain, while
here we examine this property in the spatial domain to reveal the location-based
channel property.
The intra-vehicle small-scale fading βs profile was investigated using Rician K-
factor analysis. The Rician K-factor is commonly described as the ratio of the





where |A|2 is the power of the dominant part of the received signal and 2σ2 is twice
the signal power of the diffuse part.
The small-scale fading component βs is obtained by deducting the large-scale
fading component Ψα and the mean path loss Lm from the measured path loss Lp.
61
To derive the Rician K-factor from the measured path loss, the moment-based
estimator introduced in [99] which does not require the signal phase information
was used to estimate the K-factor. The moment-based estimator provides a simple













where V [.], E[.] represent the variance of the small-scale component of the received
signal power βs,i and the expected value or mean of βs,i, respectively.
Based on Eqs. (4.17) and (4.18), we calculated the K-factor for the intra-vehicle
channel investigated in this study using the obtained field measurements. We first
extracted the small-scale fading component βs from Eq. (4.15), and then applied
Eqs. (4.17) and (4.18) to obtain K = 0.576, which can be regarded as the average
K-factor of the channel. As this K-factor suggests, the intra-vehicle channels can
generally be treated as a near-Rayleigh channel when K ≈ 0.
To reveal the relationship between the K-factor, the separation distance d,
and other environmental conditions such as line-of-sight (LOS), the parameter γi
(i=1,2,...,53) was calculated using Eq. (4.18). Each γi corresponds to one of the
53 measurement points and was calculated using 6 samples of the received signal
power (βsi, ..., βs(i+6)) collected at and around the specific location point. With
each γi calculated, the estimated K-factor for the separation distance d between
the corresponding location point and the transmitter was obtained by applying Eq.
(4.17).
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Figure 4.15: Estimated Rician K-factor against distance for 2.4 GHz.
Figure 4.16: Estimated Rician K-factor against distance for 5.9 GHz.
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The distance-based K-factors for 2.4 and 5.9 GHz are presented in Figs. 4.15
and 4.16, respectively. The 2.4 GHz K-factors under the LOS condition (highlighted
in the shaded area) have relatively higher values than those in the non-LOS area
(unshaded). This result demonstrates that the K-factor of the intra-vehicle channels
at 2.4 GHz was correlated with the separation distance. Therefore, the channel
demonstrates more Rician behaviour within a shorter separation distance; however,
this tends to become more Rayleigh-like when the distance increases.
Conversely, the 5.9 GHz K-factors show the opposite result, where there is an
inverse correlation between K-factors and distance. The decreasing relationship of
K-factor with distance at 5.9 GHz, was found to be similar to a study conducted
in a tunnel environment at 5.8 GHz [102]. This behaviour can be explained by
the atmospheric loss experienced by the signal, which increases with frequency.
Although the distance travelled by the scattered component which interacts with
the environment is similar, however, the atmospheric loss will be higher at 5.9 GHz
than at 2.4 GHz. In other words, the ratio of direct path component against the
diffuse multipath component increases with distance. The analysed K-factors at
both frequencies shows a low K-factor values where some locations have a K-factor
value lower than 1 (near Rayleigh).
4.4 Summary and conclusions
The propagation characteristic of narrowband signals at 2.4 and 5.9 GHz in the
intra-vehicle wireless channels were presented. Various channel parameters were
extracted from the received signal power measurements, such as the distance-related
attenuation loss (mean loss), and large- and small-scale fading statistics, which
jointly contribute to the overall path loss. In addition, this work demonstrates
that the small-scale fading effect is does not change when the carrier frequency is
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changed from 2.4 GHz to 5.9 GHz or vice versa. However, the similarity of small-
scale fading at lower (i.e. 433 MHz) and higher (i.e. millimeter wave) frequency has
not been investigated. Further investigation is required to determine the correlation
of small-scale fading between different frequency bands.
It was determined that multipath fading has a significant impact on the path
loss performance of narrowband signals compared to attenuation-related loss, which
has a varying relationship with free-space loss depending on the selected operating
frequency. The small-scale fading is much more influential on path loss in this
environment.
Intra-vehicle channel properties (in terms of the channel loss model and associ-
ated fading components) were characterised by the Rician K-factor. Based on the
analysis of the K-factor as a function of separation distance, it was demonstrated
that channel behaviour varies at 2.4 GHz from Rician to Rayleigh as the separation
distance increases and the LOS condition changes. In general, this work demon-
strate that the intra-vehicle channel can be treated as near-Rayleigh channel. In
addition, we have also derived the upper bound and optimum signal length of 2L to
extract the large-scale fading component from the measured losses appropriately.
Following this investigation, other properties of the intra-vehicle channel can be
explored, such as channel frequency response as a function of distance or location,






An intra-vehicle network contains multiple buses, each with a different set of re-
quirements to support particular applications. For example, the infotainment sys-
tem needs high bandwidth with less stringent latency requirement, whereas the
Advanced Driver Assistance System (ADAS) requires high reliability with low la-
tency. Therefore, wireless communications in a vehicle will need to meet a wide
range of requirements in terms of reliability, robustness, bandwidth, latency, and
efficiency. To design a wireless communication suited to the vehicle environment,
a good understanding of the conditions and properties of intra-vehicle channels is
necessary.
A vehicle is a complex environment for wireless communications that experiences
heavy multipath propagation. A measurement campaign was conducted to inves-
tigate the multipath properties of a vehicle, specifically the multipath properties
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of the intra-vehicle channel under non-line-of-sight (NLOS) conditions. There have
been several works published on wideband and ultra-wideband intra-vehicle chan-
nel characteristics. Some investigations and channel models have been proposed for
different areas of a vehicle [57, 61, 66]. The large-scale fading statistics of a wide-
band channel has been studied in [50,80]. In addition the K-factor of wideband and
ultra-wideband channel of an intra-vehicle channel is studied in [100, 103]. To the
best of our knowledge, there are no published works on the variability of multipath
propagation and its dependence on location. This investigation reveals the channel
dependence properties characterising the multipath behaviour in the intra-vehicle
channel.
This chapter discusses the measurement campaign performed in the vehicle.
Section 5.2 describes the testbed and settings for collecting measurements. The
results and analysis, including the power delay profile, root mean squared (rms)
delay spread, and coherence bandwidth, are presented in Section 5.3. Section 5.4
provides the chapter summary and conclusions.
5.2 Testbed setup
The test was conducted on a four-door Suzuki Swift. A total of 49 locations were
selected for measurement ensuring each section of the vehicle was covered. There
were 12 measured locations in the boot compartment, 21 in the back-passenger
section, and 16 in the front part of the vehicle.
5.2.1 Measurement campaign and procedures
We designed the testbed using Universal Software Radio Peripheral (USRP) prod-
ucts from National Instruments, as shown in Fig.5.1. Each USRP was connected to
an omnidirectional antenna from Taoglas Limited and attached to a laptop for signal
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Figure 5.1: The testbed setup block diagram.
generation and processing. An application layer code was written in Python to per-
form the signal processing and synchronisation of the two USRPs. The testbed was
developed as a portable tool to measure frequency response. The step frequency,
frequency band, and transmitter power of the USRP were configurable. The testbed
was calibrated in the laboratory with an Agilent Network Analyser.
The transmitter was configured to perform a frequency sweep from 2 to 3 GHz
in intervals of 333 kHz, resulting in a bandwidth of 1 GHz. The transmitter power
level was set to transmit at 0 dBm.
Throughout the measurement, the vehicle is set in parked condition with the
engine ignition in off position. The area around the vehicle was also kept out of any
large objects and human movement throughout the tests. The transmitter antenna
was placed in front of the engine block as shown in Fig.5.2 with the hood fully closed
during measurement. The location was chosen as the engine compartment is known
to be densest with sensors. A wireless node located in the engine compartment
will have its line-of-sight (LOS) path obstructed by the vehicle firewall, typically
made of sheet metal, as shown in Fig.5.3. The receiver was moved to a different
location after each measurement. The locations were numbered starting from the
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Figure 5.2: Transmitter and receiver locations.
boot compartment to the front of the vehicle. The distance between the measured
location point and the transmitter decreased with location number.
5.3 Experimental results and data analysis
5.3.1 Power delay profile
The measurement campaign resulted in a total of 49 frequency response measure-
ments. Fig.5.4 indicates the frequency response at three different locations was
highly frequency-selective. A similar pattern was seen on all the measured loca-
tions.
The power delay profile (PDP ), which is the square of the magnitude of the
channel impulse response (CIR), represents the distribution of signal power over a
multipath channel as a function of time. The techniques of measuring a channel
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Figure 5.3: Location of firewall within the engine compartment.
Figure 5.4: The frequency response H(f) of location number 2, 24 and 48.
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PDP can be categorised into two categories: time-domain measurement and fre-
quency domain measurement [104]. One method of a time-domain approach is the
direct RF pulse. In this method, a signal generator is used to transmit a pulse, and
the received signal is then measured using an oscilloscope [9].On the other hand,
the frequency-domain measurement can be performed using the frequency sweep
technique where a signal is transmitted and measured incrementally at each fre-
quency [104]. The duality property of Fourier Transform allows measurement in
one domain (i.e. time or frequency) to be represented in the other domain [105].
Hence, measurement conducted in the frequency-domain can be converted to the
time-domain.
In this work, due to the availability of equipment, the frequency domain tech-
nique was used to measure the channel. The PDP at time t and location i is
estimated from the frequency domain measurement H(f) using the inverse discrete
Fourier transform (IDFT) with a Hanning window W (f) as described in Eq.(5.1).
PDP (t, i) = |IDFT [H(f, i).W (f)]|2 (5.1)
A three-dimensional view of the PDP as a function of time and location number
is presented in Fig.5.5. From visual observation, the PDP decays exponentially with
time t in a comparable trend at each location. The trend is further analysed with
the PDP of each location normalised to the peak, as shown in Fig.5.6. The shaded
area (or at time > 500ns) with low power shown in Fig.5.6 is the noise floor. These
result suggests the general behaviour of the PDP under our tested condition was
similar throughout the vehicle.
In Fig.5.7, the PDP heat-map shows higher impulse response power with shorter
distances to the transmitter. This is evident by the heat-map colour brightening as
location number increases. In addition, the first peak power at time t = 0, which
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represents the direct wave (i.e. direct propagation between the transmitter and
receiver) was extracted and plotted as a function of distance, as shown in Fig.5.8.
As expected, the plot indicates that the first peak power decreased with distance.
In a dense multipath environment, such as an industrial environment [106, 107]
or a hospital [108], the PDP is typically found to arrive in multiple clusters. In
the environment tested, the PDP arrived as a single cluster. PDP Clusters can be
identified by the significant peaks in the PDP .
Because all 49 locations exhibit a similar PDP shape, the PDP of the tested
condition can be averaged and modelled as a simple two-term time-dependent power-
law model. The averaged power delay profile APDP is calculated in linear form, as
given by:
APDP (t) = E[PDP (t, i)] (5.2)
where E[.] represents the average PDP (t) of all 49 locations. In the process of
estimating the APDP from PDP , the computation included only the first 500ns,
which was considered the optimum time to remove noise from the PDP , as shown
in Fig.5.9. The identification of this threshold was made through visual inspection.
The two term power-law parameters as given in Eq.(5.3) was extracted through
linear regression-based method. The APDP and the two-term power law fit is
plotted in Fig.5.10.
PDP (dB) = k.tβ for t < tm (5.3)
The extracted parameters are k = −2.223 and β = 0.449 for time t less than 500ns
(tm).
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Figure 5.5: The PDP of all 49 locations.
Figure 5.6: A normalized PDP of all 49 locations in 2D.
Figure 5.7: A heat-map of 49 PDP .
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Figure 5.8: The first peak power at t = 0 of all 49 locations versus distance.

















Noise floor = -103 dBm
< 500ns
Figure 5.9: Power delay profile of the 49th location.
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Figure 5.10: The APDP (t) with Two-component power law fit.
5.3.2 RMS delay spread
A transmitted signal propagating in a multipath environment will spread in time
owing to the reflection and scattering phenomenon. In a compact environment such
vehicle, which is dense with objects made of reflective materials, the interaction of a
transmitted signal with the environment will cause the received signal to spread, or
lengthen in time. A metric called the root mean square (rms) delay spread (τrms)
is commonly used to quantify the degree of spread. In digital communications,
the performance of a communication systems will be impacted when the rms delay
spread is significantly greater than the symbol period of the transmitted signal.
The rms delay spread is determined by finding the mean excess delay τ̄ , which










where ak and τk represent the measured PDP amplitude and time of the kth path,
respectively. The τ̄ is then used to calculate the rms delay spread τrms:
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Figure 5.11: RMS delay spread against different location.
trms =
√
τ̄2 − τ̄2 (5.5)
The estimated rms delay spread, as shown in Fig.5.11, varied from 50 to 75 ns
among the locations with an average τrms of 60.72 ns. The rms delay spread signi-
fying the degree of multipath has been investigated in various settings. A summary
of different measurement campaigns, including this work (engine to passenger com-
partment), is shown in Table 5.1. Among the various environments tested, the τrms
measured in this study within the vehicle is higher than most indoor settings. How-
ever, the rms delay spread in the tested environment is significantly lower than that
of a reverberation chamber. Several work has proposed that the intra-vehicle chan-
nel can be modelled as a reverberation chamber. However, our work suggests that
an intra-vehicle channel behaves more like an indoor channel with heavy multipath
than a reverberation chamber.
Apart from analysing the dependency of τrms on location, the Pearson correlation
coefficient ρ metric was used to determine the relationship of τrms with distance.
As demonstrated in Fig.5.12, the low correlation coefficient ρ of -0.02 suggests that
76
Table 5.1: A table of rms measurement campaign in different environments
Environment f(GHz) B(GHz) τrms(ns)
Engine to passenger compartment 2.5 1 50-75
Beneath vehicle chassis [110] 6.85 7.5 17.73
Outdoor [109] 4.3 2.2 2.6-23
Residential [111] 5 6 4.7-8.2
Indoor lab [112] 5.3 4 8-20
Commercial [111] 5 6 5.5-8.2
Steel mill [113] 1.89 0.5 298
Paper mill [113] 1.89 0.5 23
Mine tunnel [114] 2.4 0.5 14
Mine tunnel [115] 3.5 3 11-29
Basement tunnel [116] 3.5 2 3-16
Industrial mechanical room [117] 1.75 1.9 14-30
Indoor room(NLoS) [118] 11 0.4 6-21
Indoor hall(LOS) [118] 11 0.4 2-39
Reverberation chamber [119] 5 0.2 2946-3121
Reverberation chamber [120] 3.5 0.25 1984.3
Within passenger compartment [61] 7 8 5.6-9.7
Indoor corridor [121] 3.5 1 0.8-3.5
Incinerator hall(Industrial) [106] 6.85 7.5 29-51
Figure 5.12: rms delay spread against distance.
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there is little or no correlation between rms delay spread and distance. The analysed
results indicate that τrms does not vary significantly with distance or location.
5.3.3 Coherence bandwidth
The coherence bandwidth Bc estimates the channel capacity and determines whether
a signal will experience flat fading or frequency-selective fading. A channel is con-
sidered frequency-selective when the transmitted signal bandwidth is higher than
the Bc of the channel. Signals within a channel with frequency separation equal to
or higher than Bc can be considered independent from one another [122].
Two methods are commonly used to estimate the coherence bandwidth of a
channel. In the first method, the coherence bandwidth is determined from the rms





where α is selected based on the shape of the PDP [124]. While τrms is inversely
proportional to B, their relationship is not exact and varies with the method used
to extract τrms [9].
The second method for estimating Bc, is to apply the frequency correlation
function FCF to the measured H(f), in other words, the autocorrelation of the
complex channel H(f) [125].
The coherence bandwidth has been widely studied in outdoor and indoor envi-
ronments. However, only a few works have been conducted in a vehicle environment,
particularly analysing the dependency of Bc on distance and location (i.e. spatial
analysis).
An investigation of coherence bandwidth will help in selecting a suitable channel
and bandwidth for a wireless intra-vehicle network. In this analysis, the coherence
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Figure 5.13: Frequency correlation function of the 21st location.




H(f)H∗(f + ∆f)df (5.7)
where ∆f and H∗(f) represent frequency shift and the complex conjugate of the
channel H(f), respectively. The generally accepted correlation coefficients for esti-
mating the coherence bandwidth are 0.5(B0.5), 0.7(B0.7) and 0.9(B0.9).
In our analysis, the coherence bandwidth was determined when the correlation
coefficient reaches 0.5 and 0.9, as shown in Fig.5.13. The FCF is applied on all
of the 49 locations, the evaluated coherence bandwidth for B0.5 and B0.9 is shown
in Fig.5.14. The FCF was applied to all 49 locations; the evaluated coherence
bandwidth for B0.5 and B0.9 is shown in Fig.5.14.
The coherence bandwidth in B0.5 varied between 8.7 and 24 MHz with an av-
erage ¯B0.5 of 12.95 MHz. This suggests that wireless communication technologies
with channel bandwidth higher than the measured coherence bandwidth, such as
WiFi, will experience frequency-selective fading. In contrast, wireless communica-
tion technologies, such as 802.11p, Bluetooth, and Zigbee, which have transmission
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Figure 5.14: The coherence bandwidth at different locations.
bandwidth lower than the coherence bandwidth, will operate under flat-fading chan-
nel conditions. In addition, the B0.5 varied significantly with location, as depicted
in Fig.5.14 (location 18-27). Other studies conducted in the engine compartment
have found B0.5 to be generally higher than 7 MHz and up to 100 MHz [94].
Similar to the previous analysis, the dependence of coherence bandwidth on
distance was evaluated using the Pearson correlation method , as shown in Fig.5.15,
resulting in a ρ of -0.1031 and -0.1939 for B0.9 and B0.5, respectively. This suggests
that there is a low correlation between coherence bandwidth and distance.
5.4 Summary and conclusions
In this work, a test was conducted to investigate the multipath characteristics of
intra-vehicle channels within engine and passenger compartments. The results show
that the power delay profile exhibits a somewhat consistent shape across all the
locations measured. This suggests that the general trend of PDP will be similar
in any location within the vehicle. In addition, the general trend of PDP show
that the multipath components arrived in a single cluster, as compared to other
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Figure 5.15: The coherence bandwidth against distance.
environment where the multipath component arrives in multiple clusters.
The rms delay spread of the channel was determined to range from 50 to 75
ns. This value within the vehicle is slightly higher than most indoor environments.
Although the vehicle is made up of reflective material (i.e. metal), the result does
not show the channel to be similar to a reverberation chamber. Instead, the result
suggests that an intra-vehicle channel is more comparable to an indoor environment.
In addition, an analysis performed on the rms delay spread and distance revealed
that they are uncorrelated. The investigation on the coherence bandwidth shows
that it is spatially dependent and varies between 8.7 and 24 MHz with an average of
12.95 MHz. Overall, this study highlights the multipath propagation characteristics
of the intra-vehicle channel, which show that some communication technologies such





Vehicles are equipped with a multitude of sensors that have various functions. A
reduction in wired networks, or the replacement of these networks with wireless
solutions, can reduce weight, save physical space and alleviate complexity in cable
management. However, despite these benefits, there are concerns over the reliability,
bandwidth and latency of wireless solutions.
When deploying a wireless communication system in a vehicle, it is essential to
ensure the required reliability and robustness so that the targeted benefit can be
justified. The performance can be achieved by understanding the characteristics of
intra-vehicle channels before applying suitable technologies to establish reliable and
sustainable wireless connectivity in this environment. In the previous Chapters (4
& 5), the channel loss properties of vehicles were investigated. Another factor that
affects wireless communications in a vehicle is electromagnetic interference (EMI).
Electronic systems inside vehicles are much more complicated now than they
were decades ago. Current systems are equipped with many types of sensor, such
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as those for regenerative braking, advanced driver assistance, autonomous driving,
assistant parking and vehicle telematics. This change has led to increased network
complexity and higher radiated emissions, which create a noisier and harsher elec-
tromagnetic environment in modern vehicles. The present commercial off-the-shelf
technologies are not built to operate in such a harsh environment. As a result,
proper design or control is needed to allow wireless communication systems to work
reliably.
In the past few decades, several studies have investigated EMI in industrial
and commercial environments at various frequencies. However, to the best of our
knowledge, there had been no other published work that investigate the potential
level and influences of the EMI radiated by a vehicle electronic devices in relation to
the requirements specified by the standards in this field. The work conducted in [127]
uses hypothetical simulation scenarios to demonstrate the impact of EMI on network
performance. In comparison, this work was present the characteristic of a vehicle
EMI which was conducted through real world measurement. The investigation was
carried out over the unlicensed 433 MHz, 2.4 GHz and 5.9 GHz frequency band s
because several wireless protocols, such as IEEE 802.15.4, 802.11x and Bluetooth,
operate within these bands.
Beside studies on the impact of EMI on intra-vehicle wireless network perfor-
mance. There have been some related work on radiated emission from individual
components or modules, such as spark plugs, Controller Area Network (CAN) buses
and automotive Ethernet Multi-Gig cables in vehicles [128, 129]. However, to the
best of our knowledge, specific and detailed investigations on vehicle EMI and its
impact on intra-vehicle wireless communications have not been reported.
Additionally, the growing interest in renewable energy has led to the electrifica-
tion of vehicles, and the number of electric vehicles on roads is expected to increase
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soon. Such electrification poses new challenges because moving from conventional
oil-fuel vehicles to high-power electric drive systems increases radiated EMI. In a
oil-fuel vehicle, the major source of EMI is from the ignition of a spark plug [128].
In contrast, in an electric vehicle, an electric motor is used. The electrical motor
operates whereby an alternating current is induced through the electrical motor
winding using an inverter [130]. An alternating current is generated using high
power semiconductor switches which produce EMI [130]. The high-power switching
in an electric vehicle presents a challenge to wireless communications because it can
cause burst errors which affects the transmission reliability.
The chapter is organised as follows. Section 6.1 provides a discussion of EMI
in relation to current standards and its potential impact on wireless communica-
tions. Section 6.2 describes the testbed built for this study and related settings
for measurement collection. Test results and analysis are presented in Section 6.3,
where the impulse noise and EMI characteristics are discussed. Finally, the chapter
is concluded in Section 6.4.
6.1 EMC standards
Electromagnetic compatibility (EMC) is the ability of a component to function sat-
isfactorily in an electromagnetic environment without introducing intolerable elec-
tromagnetic disturbances to anything in the environment [131]. The EMC standards
define the limits and methods to ensure compliance between devices and systems.
These standards are published by several organisations, such as the International
Electrotechnical Commission (IEC), the International Organization for Standardiza-
tion (ISO) and the Comité International Spécial des Perturbations Radioélectriques
(CISPR). The standards used by each country can differ from one another.
In the European Union (EU), the EMC directive 2014/30/EU (EMCD) is adopted
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[132].The primary purpose of the EMCD is to ensure that equipment does not dis-
turb devices (including radio instruments ) and that such equipment is immune to
interference. For vehicles in the EU, UNECE (United Nations Economic Commis-
sion for Europe) Regulation 10 is applied. This regulation refers to various other
standards. However, because the current study focuses on the impact of EMI on
wireless communications, only the CISPR-related standards will be discussed. Al-
though a vehicle must follow the requirements and specifications of the regulation,
a vehicle manufacturer will have its internal standard, which is usually much more
stringent. In CISPR, two standards specify the limits of devices in a vehicle:
• CISPR-12: Limits and methods of measurement of radio disturbance charac-
teristics for vehicles, motorboats and spark-ignited engine-driven devices [133].
• CISPR-25: Limits and methods of measurement of radio disturbance charac-
teristics for the protection of receivers used on board vehicles [134].
The main difference between these two standards is that CISPR-12 is for the pro-
tection of external receivers, such as TV antennas in a residential area. In contrast,
CISPR-25 aims to protect and ensure the performance of receivers mounted inside
or on a vehicle.
6.1.1 CISPR-25
The latest revision of CISPR-25 only covers frequencies of up to 2.5 GHz [134].
However, some vehicle manufacturers will have an internal standard that includes
higher frequencies. The standards specify a limit for the peak, quasi-peak and
average at different frequency bands. The radiated-emission limit published in the
standard is further categorised into classes from 1 to 5, with class 5 being the most
stringent. The peak and average limits for class 5 are shown in Figs.6.1 and 6.2,
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respectively. These limits are used as a guideline for assessing electrical devices in
a vehicle to ensure that they comply with the regulations. A device is evaluated
for its EMC by performing a radiated-emission measurement, with the device being
tested placed 1 metre from the receiving antenna.
Figure 6.1: CISPR-25 class 5 peak and quasi-peak limits.
Figure 6.2: CISPR-25 class 5 average limits.
In real world operating condition, it is likely an intra-vehicle wireless node will
be placed at a distance of less than 1 metre from a source of EMI. The potential EMI
noise when a wireless node is placed close to an EMI source were analysed by first
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converting the peak and average limits of the electric-field strength (in dBuV/m)







where E,P,G,D,Z0 are the electric-field strength (in V/m), the power (in watts),
the antenna gain, the distance from the measuring point to the electrical centre of
the antenna, and the free-space propagation impedance (377 Ω), respectively.
In this analysis, the antenna gain G is equal to 1 and the distance D is 1 metre
as specified in CISPR-25. Hence, the electric-field strength (in V/m) is related to





PdBm = 20 log10(E)− 44.771 (6.3)
The peak and average class 5 limits were converted to dBm using Eq.(6.3), and
shown in Fig. 6.3 and 6.4.
Figure 6.3: CISPR-25 class 5 peak and quasi-peak limits in dBm.
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Figure 6.4: CISPR-25 class 5 average limits in dBm.
The estimated noise level for a distance less than 1 metre, EMIest, is calculated
using the free-space path loss LFS and the radiated-emission limit EMIcispr as
follows:




EMIest,i = EMIcispr + LFS,1m − LFS,i (6.5)
where di, c, EMIest,i, LFS,i, LFS,1m are the ith distance, the speed of light in a vac-
uum, the ith estimated received EMI, the free-space loss at the ith distance, and
the free-space loss at a reference distance of 1 metre, respectively.
Figs. 6.5 and 6.6 show the estimated average-noise and peak-noise levels, re-
spectively, for an on-board receiver at varying distances from an EMI source. These
figures demonstrate that a receiver will experience a higher noise level when placed
nearer to an EMI source. The CISPR-25 limit is tested on a single electronic device;
consequently, the noise level will be higher than the peak limit in an environment
containing multiple devices.
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Figure 6.5: Estimated received average noise power based on CISPR-25.
Figure 6.6: Estimated received peak noise power based on CISPR-25.
It is beneficial if more stringent limits are put in place, whereby both peak and
average limits are applied, this will make the environment more predictable and the
impact of EMI on wireless transmission can be controlled.
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Impact on ultra-wideband
Several studies have proposed implementing ultra-wideband (UWB) for intra-vehicle
wireless sensor networks due to its better immunity to multipath than narrowband
solutions [51, 136]. The maximum power that is allowed to be transmitted by a
UWB system is lower compared to narrowband- or wideband-based transmission.
The limit specified by the European Telecommunications Standards Institute (ETSI)
for UWB operating in the frequency band from 1.6 GHz to 2.7 GHz is –45 dBm
[83]. Given the maximum ETSI power limit and the estimated noise level based
on CISPR-25, a UWB-based solution will experience significant interference from
EMI, compared to the narrowband- or broadband-based solutions, in which higher
transmitter power is allowed.
6.2 Testbed and experiment
A purpose-built testbed was developed to perform the EMI measurements. A single
Universal Software Radio Peripheral (USRP ) device attached to a laptop was used
as an EMI receiver. Three different omnidirectional antennas were used to conduct
measurements at 433 MHz, 2.4 GHz and 5.9 GHz, as listed in Table.6.1. These
measurements were made on two vehicles:
• Jaguar Land Rover Discovery Sport
• Skoda Fabia
A frequency-spectrum scan was performed before the start of each measurement to
ensure that the chosen channel was free from interference.
The measurement campaign was divided into two tests. Test 1 was conducted
on two types of vehicle to investigate and compare the EMI radiated in the engine,
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Table 6.1: USRP settings at 433 MHz, 2.4 GHz and 5.9 GHz
Frequency 433.1 MHz 2.46 GHz 5.9 GHz
Antenna ANT-STUB-433SM ANT-2.4-LCW-SMA TG.35.8113
Sample Rate 20 Msps 20 Msps 20 Msps
Directionality Omnidirectional Omnidirectional Omnidirectional
passenger and boot compartments. Test 2 was performed on a single vehicle to
determine the level of EMI radiated in the engine compartment.
Figure 6.7: Engine-compartment measurement (Test 1).
Figure 6.8: Engine compartment measurement (Test 2).
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Test 1
This test aimed to examine the EMI radiated in the engine, passenger and boot
compartments at 433 MHz and 2.4 GHz. The passenger- and boot- compartment
measurements were performed with the EMI receiver placed on the floor inside
the vehicle. The engine-compartment measurement was made by placing the EMI-
receiver antenna at approximately 1 metre from the centre of the engine compart-
ment, as shown in Fig.6.7. The hood of the vehicle was kept open throughout the
test. The USRP was set to record for 3 minutes with the engine turned on and was
configured to capture the waveform at a sample rate of 20 Msps.
Test 2
The purpose of this test was to identify the scale of EMI noise at five different
locations in the engine compartment, as shown in Fig.6.8. The measurement was
performed using a single antenna connected to the USRP through a coaxial cable.
The antenna was moved to a different location after completing each measurement.
The USRP was configured to capture the waveform for 30 seconds at a sample rate
of 20 Msps.
6.3 Result and analysis
6.3.1 Impulsive noise
Impulsive noise refers to relatively short pulses that typically occur as a conse-
quence of fast switching of power in electronic circuits. The results of Test 1 were
investigated with a focus on the impulsive noise present in the measurements. In
the measurement campaign, the vehicle engine was turned on for part of the time.
Fig.6.9 shows a measurement performed at 433 MHz in the engine compartment,
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demonstrating that the impulsive noise is not present when the engine is turned off.
Figure 6.9: Time-series measurement performed at location 1 when the engine is
turned off and on.
The time-series measurements conducted in the Land Rover Discovery Sport at
433 MHz and 2.4 GHz are shown in Figs.6.10 and 6.11, respectively. Although the
two measurements have different noise patterns, they both show an increase in noise
level in the passenger and boot compartments. The impulsive noise is much more
present at 2.4 GHz than at 433 MHz.
The overall noise distributions for the 433 MHz and 2.4 GHz results are shown
in Figs.6.12 and 6.13, respectively. Impulsive noise can be identified by a heavy
tail in the probability density function of the noise [137]. It is evident from the
distributions that impulsive noise is present for some locations and frequencies. The
exceptions are the boot and passenger compartments at 433 MHz, for which the
distribution is more similar to a Gaussian distribution.
93
Figure 6.10: Time-series measurement at 433 MHz for the engine, passenger and
boot compartment.
Figure 6.11: Time-series measurement at 2.4GHz for the engine, passenger and boot
compartment.
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Figure 6.12: Probability density of the time-series measurement at 433 MHz.
Summaries of the peak EMI measured in the two types of vehicle are given in
Table.6.2 and 6.3.1. The peak EMI in the Land Rover Discovery Sport is similar at
both 433 MHz and 2.4 GHz. At 433 MHz, the boot compartment has the highest
peak noise, whereas the passenger compartment has the lowest peak noise. At 2.4
GHz, the passenger compartment has the highest noise, whereas the boot compart-
ment has the lowest. A high noise measured in the passenger compartment could
be attributed from the ECU’s and wired networks throughout the compartment.
The Discovery Sport has a dual battery system in which the battery is located in
the engine and boot compartments. For that reason, the high noise in the boot
compartment could be caused by electronics and wire harnesses in the boot com-
partment.
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Table 6.2: The peak EMI measured in the engine, passenger and boot compartments
of a Land Rover Discovery Sport.
Location
Frequency Engine Boot Passenger
433 MHz -72.41 dBm -71.77 dBm -78.02 dBm
2.4 GHz -75.64 dBm -75.75 dBm -71.50 dBm
Table 6.3: The peak EMI measured in the engine, passenger and boot compartments
of a Skoda Fabia.
Location
Frequency Engine Passenger
433 MHz -12.03 dBm -43.94 dBm
2.4 GHz -49.34 dBm -63.12 dBm
Figure 6.13: Probability density of the measurement at 2.4 GHz.
The peak EMI in the Skoda Fabia is much higher than in the Discovery Sport.
For the Skoda Fabia, there was no impulsive noise in the boot compartment. The
peak EMI in the engine compartment on the two vehicles is significantly higher
than the ambient noise on both frequencies. The impulsive noise in the engine
compartment is further investigated in the next section.
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6.3.2 Investigation on the impulsive noise radiated in the engine
compartments
Test 1 showed that the engine compartment has the highest peak noise. The EMI
noise in the engine compartment were further investigated through a measurement
(Test 2) at different locations within the engine compartment. These measurements
were conducted at 433 MHz, 2.4 GHz and 5.9 GHz, and are summarised in Table.6.4.
Comparing the results from Test 1 and Test 2 confirms that the noise is higher
when the antenna is located nearer to the source. The small variation in the mea-
sured peak EMI does not support the conclusion that a particular location will
experience a higher noise level than other locations. The highest peak noise mea-
sured at 433 MHz and location 5 is likely due to the noise emitted by the engine’s
spark plug. Previous work has shown that a spark plug can cause EMI with fre-
quencies of up to 1 GHz [128, 138]. The peak noise measured at 2.4 GHz and 5.9
GHz is much more varied than that of 433 MHz, which could be explained by the
components which have different radiated-emission characteristics. In general, the
results measured in this environment demonstrate that the peak EMI noise is lower
at higher frequencies. The decrease in peak EMI noise at higher frequencies can be
attributed to the atmospheric loss, which is known to increase with frequency [9].
6.3.3 Characterising the measured EMI
The topic of impulsive noise which includes the modelling and characterisation of this
noise has been widely studied in other environments such as indoor and industrial
environments. In this work, the impact of impulsive noise to wireless communica-
tions in the intra-vehicle environment was evaluated by analysing the burst length,
burst gap and amplitude probability density of the captured time-series measure-
ments. The pulses from these measurements were examined individually to extract
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Table 6.4: Peak EMI measured at five locations and different frequencies.
Frequency (MHz)
Location 433 2400 5900
1 -14.3 dBm -45.5 dBm -50.4 dBm
2 -11.6 dBm -48.2 dBm -50.3 dBm
3 -12.9 dBm -56.5 dBm -56.3 dBm
4 -11.5 dBm -47.9 dBm -54.5 dBm
5 -8.3 dBm -49.3 dBm -50.4 dBm
Max -8.3 dBm -45.7 dBm -50.3 dBm
Average -11.7 dBm -49.5 dBm -52.4 dBm
the burst length and gap, as shown in Fig.6.14.
Figure 6.14: Burst length and burst gap of impulsive noise.
The probability denoted as fEMI of an EMI pulse to occur at a specific burst
length which for various frequencies and locations are analysed. The fEMI of burst
length for five different locations in the engine compartment at 433 MHz, 2.4 GHz
and 5.9 GHz are shown in Figs.6.15, 6.16 and 6.17, respectively. The results shows
that the pulses have a varying burst length, with the highest number of burst oc-
curring with a burst length of 50 ns. In addition, a highest burst length of upto 2.7
us was recorded at 433 MHz measurement. In short, the impulse noise measured
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in a vehicle has a short burst length. The varying burst length seen in the results
demonstrate that the noise are emitted from multiple EMI source (radiators) and it
varies with frequencies.
Figure 6.15: Distribution of EMI burst length at 433 MHz.
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Figure 6.16: Distribution of EMI burst length at 2.4 GHz.
Figure 6.17: Distribution of EMI burst length at 5.9 GHz.
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The fEMI of burst gap between each pulses for 433 MHz, 2.4 GHz and 5.9
GHz were evaluated and are shown in Figs.6.18, 6.19 and 6.20, respectively. The
distribution of burst gap does show any specific types of distribution pattern. It
demonstrate a random like nature and the pattern vary with frequency and loca-
tion. Although the characteristic of the burst gaps are different between measured
frequencies, most of the pulses occur with a gap of 50 ns for different locations and
frequencies tested.
Figure 6.18: Distribution of EMI burst gap at 433 MHz.
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Figure 6.19: Distribution of EMI burst gap at 2.4 GHz.
Figure 6.20: Distribution of EMI burst gap at 5.9 GHz.
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Amplitude probability distribution
The amplitude probability distribution (APD) is commonly used to evaluate the
impact of EMI on the performance of wireless communications and has been inves-
tigated in other types of environments [139, 140]. The APD is directly correlated
with the bit error rate performance of a wireless systems [141, 142]. To the best
of our knowledge, the APD for intra-vehicle environment has not been reported.
The APD in this work represent the probability of a measured signal (x) exceeds a
particular threshold (athr) in dBm, i.e.
APD(x) = p(x > athr) (6.6)
The measured EMI of location 2 was used in this analysis. Figs.6.21, 6.22 and
6.23 depict the APD at 433 MHz, 2.4 GHz and 5.9 GHz, respectively. The heavy-
tail characteristic of impulsive noise is present in all of the frequencies evaluated. In
addition, the tail of the distribution is much wider at 433 MHz than other frequen-
cies. A transmitted signal will be attenuated with distance as it travels through a
channel. In brief, the lower the received signal power, the higher the probability of
impulsive noise impeding the received signal. The EMI noise in the vehicle can be
mitigated by controlling power of the signal received by the receiver. This could be
achieved by managing the channel loss characteristics i.e. through frequency and
diversity techniques or increasing the power of the transmitting signal.
103
Figure 6.21: APD of location 2 at 433 MHz.
Figure 6.22: APD of location 2 at 2.4 GHz..
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Figure 6.23: APD of location 2 at 5.9 GHz.
6.4 Summary and conclusions
In this chapter, the EMC standard and its potential impact on the performance
of wireless communications in a vehicle were discussed. Based on the conducted
investigation, it is likely that EMI will play a significant part in achieving reliable
communications. It is recommended that vehicle manufacturers implement a more
stringent EMC requirement to make the environment more predictable. In addition,
this work also highlights the vulnerability of UWB relative to narrowband- and
broadband-based communications.
A measurement campaign was performed on two different vehicles. The peak
noise was measured in different sections of the vehicles, showing that the engine
compartment has the highest EMI noise. Additionally, parameters such as the burst
length and bust gap, and the frequency of the interfering pulse, were characterised.
The findings on this work will help in the design of a suitable communication system
under this unique environmental condition. An increased in EMI noise level is seen
when the antenna is placed more closely to the source. In consequence, antennas
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need to be carefully placed to reduce the impact of EMI on the performance. Fur-
thermore, a vehicle is confined environment and dense with electronic devices. As
such, a time-diversity technique such as multiple antenna systems and cooperative





There are several challenges in the realisation of a wireless intra-vehicle network that
can match the performance of a wire-based network in terms of reliability, data rate,
and latency [143]. To achieve the required performance, the time-variance nature of
the channel must be assessed. In this chapter, the time-varying characteristics of the
vehicle channels and the performance of cooperative relay in a vehicle environment
are discussed.
This chapter is organised as follows. Section 7.1 covers the time-varying charac-
teristics of the vehicle environment, including the channel variation and coherence
time. An investigation on the performance of cooperative relaying as compared
to direct transmission and retransmission is analysed and discussed in Section 7.2.
Finally, the chapter is concluded in Section 7.3.
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7.1 Time-varying channel characteristic
Multipath propagation is an inherent feature of radio propagation where the trans-
mitted signal interacts with the environment, which results in multiple delayed
copies to be received and dispersed in time [17]. In other words, the received signal
strength is dependent on the environment in which the signal travels. In a non-
stationary environment, the effect caused by the movement of scatterer i.e. objects
that reflect, scatter, or diffract, give rise to time variation of the wireless chan-
nel [144]. Time-varying channel has been studied in other environments such as high-
speed train, vehicle-to-vehicle communication, and indoor environment [145–147].
However, the study on time-varying channel characteristic in an intra-vehicle envi-
ronment is limited.
In a vehicle environment, the transmitter and receiver nodes are expected to
be placed fixed at particular locations within the vehicle. As a result, there is no
relative change in distance between nodes which can cause a shift in the channel
due to Doppler effect [144]. However, the movement made by passengers and signals
reflected from external structure whilst the vehicle is in motion may influence the
time-variance of a channel in a manner consistent with a non-stationary placement
of the nodes.
The time-variance of a wireless channel can be evaluated by measuring the chan-
nel’s coherence time which describes the expected time duration over which the
channel can be considered as time-invariant [148]. While channel loss-related statis-
tics are often the subject of discussion, there are relatively few studies addressing
the time-varying characteristics of intra-vehicle channels. The study in [78] has
shown that a vehicle in stationary and in non-moving conditions, the channel can
be considered time-invariant with a measured coherence time of more than 20 sec-
onds. However, in driving conditions, the movement of the vehicle and the occupants
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results in a lower coherence time less than 20 seconds [89].
The effects of vibration from the engine and road conditions have been shown
to be nominal when compared to the effects of occupant motion [91]; a study that
looked at the effect of human motion in environments other than a vehicle de-
termined that human motion causes a significant variation in channel characteris-
tics [149]. A review of literature on the time-varying channel of the intra-vehicle
environment has shown that the channel is highly influenced on the motion of the
passengers [90,149].
In chapter 4, our work has shown that the channel performance is highly depen-
dent on the reflected paths rather than the direct path. As a consequence, motion
made by the vehicle’s occupant can have an impact on either one or both the di-
rect and reflected transmission paths. In any case, the channel will vary in time
due to passenger motion, even when a passenger does not obstruct the direct path.
For that reason, it is beneficial to investigate the time-varying characteristics of an
intra-vehicle channel.
It is known that the performance degradation caused by the time-varying charac-
teristic of a channel could be mitigated through cooperative relaying or multi-array
antenna systems [150]. In general, the independent channel or paths provided by co-
operative relaying and multi-array antenna system is exploited whereby each channel
experiences different time-varying channel characteristics.
To the best our knowledge, we believe this is the first work which investigates the
correlation of time-varying characteristic and the variation of coherence time across
two locations within an intra-vehicle environment. This study is aimed toward
answering whether a relaying channel can be considered independent from other
paths in term of its time-varying channel characteristics; which allows the diversity
gain from cooperative relaying and multi-array antenna systems to be exploited
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Figure 7.1: The time variation measurement (Test 1) experiment setup.
[150]. As the human component in vehicles is a required condition of operation, an
exploration of the effect of human presence on an intra-vehicle wireless network, and
potential avenues of mitigation are warranted.
7.1.1 Testbed setup: Time variation measurement
A testbed was developed using two Universal Software Radio Peripheral (USRP)
B210 SDRs from National Instruments; one was used as a transmitter and the other
as a receiver. Each of the SDR was connected to a laptop for signal generation
and processing. An omnidirectional antenna manufactured by Linx Technologies
was used throughout the test. The receiver, as depicted in Fig.7.1, is connected
to two antennas through a coaxial cable to allow simultaneous measurement from
two different paths or locations. The antennas were placed on the floor of both the
driver and passenger sides of the vehicle. The transmitter antenna was placed in
the centre of the boot compartment, between and equidistant from the two receivers
and transmitter antennas.
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The SDRs were configured to operate at within the 5.7 GHz frequency band. The
frequency band is chosen as it is common to the 802.11p (OCB) and 802.11n/ac/ax
operating frequency band. The transmitter output power was set to 0dBm (1mW).
The testbed measurement was calibrated in a laboratory environment with a Tek-
tronix spectrum analyser. The receiver measures a complex signal at a sample rate
of 250k samples per second, which was converted to received power in dBm.
In this experiment, the speed of the vehicle was not controlled. However, it has
been shown in [91] that the speed of a vehicle has a negligible impact on the time-
varying characteristic of an intra-vehicle channel. In addition, the work conducted
in [55] demonstrates that the external environment also has a negligible effect on
the channel. As a consequence, an assumption is made based on the work in [55,91]
where the variation of received power is mainly caused by passengers motion.
The measurements were taken while the vehicle was in motion following a prede-
termined route. The route taken covers typical city environmental scenarios such as
stopping at traffic lights, driving along a straight route, and driving with multiple
vehicles in the vicinity of the test vehicle. In a realistic driving scenario, there can
be more than one occupant in a vehicle; for this reason, the measurements were
taken with three occupants in the vehicle driver and two passengers. The relation-
ship between the number of passengers and the time-varying characteristic was not
studied in this work. A study conducted in an indoor environment has shown that
channel is impacted by the number of people and people’s movement speed [151].
Further investigation is needed to understand the relationship between the number
of passengers with time-varying characteristics.
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Figure 7.2: The measured received signal power (dBm) against time (s) of the
antenna located on the driver side.
Figure 7.3: The measured received signal power (dBm) against time (s) of the
antenna located on the passenger side.
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7.1.2 Experimental results and data analysis
Time variation
The time-variance measurement was taken over two independent paths: driver-side
floor to boot and passenger-side floor to boot. The received signal strength over time
for each path is shown in Figs.7.2 and 7.3. The vehicle is in a stationary parked
condition for the first 20 seconds of the measurement. As expected, the channel
characteristics changed with time under both moving and stationary conditions.
The change in channel condition across time can be attributed to passenger motion.
Fade depth (Fα) is a measure of the variation of power from the local mean due
to small-scale fading [152]. Fade depth defines the fade margin required for designing
a system with low outage probability [153]. According to [152], fade depth is defined
as the three times the standard deviation (3α) of channel energy. The calculated
fade depths for the antenna located on the driver and passenger sides of the vehicle
are 15.94 dB and 15.6 dB, respectively.
The received signal strengths measured in the two channels from transmitter an-
tenna to driver side antenna and from transmitter antenna to passenger side antenna
show a different pattern of received signal strength. The two-sample Kolmogorov-
Smirnov (KS) non-parametric test was used to evaluate the correlation between the
two channels. The KS test result shows the probability-value ρ = 0, which supports
and confirms that the time-varying characteristic is independent for each channel.
Coherence Time
Another essential channel parameter is coherence time which measures the length
of time the channel can be considered time-invariant or unchanged [14]. Evaluating
this parameter helps in determining whether the channel is subjected to slow or fast
fading conditions. Coherence time has been widely studied in different environments,
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Figure 7.4: The autocorrelation of the measured received power for antennas located
on the driver side and passenger side.
including indoors and outdoors environments [154–156].
In this work, the coherence time was extracted through the autocorrelation














where r(n),nx and ∆t represents the received signal power of n samples, the aver-
age power of all of the samples and the separation time between two consecutive
samples, respectively. Coherence time for the experiment was determined when
the correlation coefficient (ρ(∆t)) reached a correlation threshold of 0.5. Using the
entire recorded samples from driver and passenger sides, the estimated coherence
times, as shown in Fig.7.4, are 0.6 seconds and 1.4 seconds, respectively.
Human motion, which includes fast and slow movements, is irregular and dif-
ficult to predict. This behaviour causes the channel to dynamically change over
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Figure 7.5: The coherence time against time in seconds.
time. As a consequence, to further analyse the variations in coherence time, the
running window method was used. Samples were derived from a 20-second time
window incrementally evaluated at 10-second intervals. The time window method
was selected based on the study in [78], where the coherence time of the channel
while in a stationary condition ranged from 5 to 25 seconds.
The results of the running window method are shown in Fig.7.5. The coherence
time of the channel on the passenger side varied between 0.2 to 1.6 seconds and on the
driver side, varied 0.2 to 1.84 seconds. These results support previous findings where
the non-parametric test applied on the fading statistics shows that both channels
experience independent time-related fading. With an average coherence time of
0.5 seconds, the results also suggest that intra-vehicle channels can be assumed
to be slow-fading. The coherence time measured is lower than measured in [74,78].
Human movement is difficult to predict, and any move made by the passenger within
a vehicle is bound to cause a change in the channel condition. The lower coherence
time measured in this work could be due to a higher number of passengers in the
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test conducted. Investigation on the correlation of the number of passengers with
the coherence time has not been studied; however, it has been shown in an indoor
environment that temporal fading increases with the number of people [158].
7.2 Cooperative relaying in IVWSN
Having discussed channel loss statistics, electromagnetic interference, and time-
variance of vehicle channels in previous chapters, it is evident that to achieve reliable
communication within the vehicle environment, these factors that contribute to the
degradation of wireless communication performance must be mitigated. One method
of mitigation may lie through incorporating path and time diversity techniques such
as cooperative relaying.
Cooperative communication is a growing area of interest due to its ability to
improve communication capacity, speed, and performance [159]. In cooperative
communication the informations are transmitted through independent paths (hn(t))
through a relaying node, as shown in Fig. 7.6. In general, the distance between
the relay node is kept multiple wavelengths apart to ensure independent channel
characteristics [150].
In the previous work, we have shown that a vehicle in an environment with
high EMI noise, severe multipath fading and slow time-varying characteristic. The
performance of wireless communication inside a vehicle will be affected under such
environmental condition. In order to mitigate the impact of EMI, multipath fad-
ing and time-varying characteristic, a cooperative communication technique could
be implemented which offers both time and spatial diversity [160]. Cooperative of-
fers similar benefits with multiple-antenna array systems without requiring addition
antenna on each wireless node [150].
In a time-varying channel with severe multipath fading, there is a probability
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Figure 7.6: Transmitter, relay and receiver node in cooperative relaying configura-
tion.
that a channel will be in deep-fade for a significant amount of time. In such a sit-
uation, multiple consecutive packets that are transmitted on the same channel will
be lost [161]. In other words, error control techniques such as retransmission would
not be able to correct errors or packet loss in deep-fade condition [162]. The path
diversity from cooperative communication allows the information to be transmitted
through a different channel which experiences different channel characteristics. In a
situation where one of the paths is under deep-fading condition, information can be
successfully received through the other path. In addition, the time-diversity of coop-
erative communication further improves the performance of wireless communication
where the information received by the receiver arrived at a different time [150].
Thus, each information experiences different EMI noise, time-related fading effects
and co-channel interference.
To the best of author’s knowledge, there is no previously published work eval-
uating the performance of cooperative communication for the wireless intra-vehicle
network. However, the performance of cooperative communication has been assessed
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Figure 7.7: The cooperative and retransmission (Test 2) experimental setup.
in other fields such as vehicle to vehicle communication, where it shows significant
performance improvement over direct and retransmission schemes [163,164].
There are several cooperative relaying protocols proposed in the literature [150];
these include the amplify-and-forward (AF ) relaying protocol and the decode-and-
forward (DF ) protocol. In the AF protocol, the relay node receives the transmitted
signal, which is then amplified and transmitted to the destination node. By com-
parison, in DF protocol, the relay node decodes and then re-encodes before sending
the transmitted packet to the destination. In this work, the DF protocol is utilised
as it can be easily implemented on off-the-shelf devices such as 802.11x, 802.15.4
(Zigbee) and Bluetooth [165–167].
7.2.1 Testbed setup: Cooperative relaying and retransmission scheme
The performance of a cooperative relaying scheme that exploits a channel’s spatial
and time diversity was investigated. In this work, a fixed DF scheme is imple-
mented where the relay node transmits even under severe fading condition [150]. In
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contrast, in the selective DF scheme, the relay node does not transmit the relayed
information when the channel is under a severe fading condition which is evaluated
from the channel state information [150].
The cooperative relaying scheme was compared against direct transmission and
retransmission schemes. There are a number of options for evaluating DF based
cooperative communication. The IEEE 802.11p/OCB was selected for this work
as it is readily available and has been widely deployed for the vehicle to vehicle
and vehicle to infrastructure communications [168]. An SDR-based 802.11p/OCB
testbed with cooperative relaying was developed, and its performance was then
evaluated under realistic driving conditions.
The IEEE 802.11p/OCB-based cooperative relaying testbed was developed using
three USRP B210 SDRs with the testbed system configuration, as shown in Fig.7.7.
The SDRs were attached to a laptop set up as a source, (Ns); a relay, (RL); and
a destination node (Nd). The parameters, as configured in this test, are shown in
Table 7.1.
The testbed events direct transmission, relay, and retransmission are illustrated
in Fig.7.8. In the first event, Ns transmitted a packet which was then received and
decoded by both RL and Nd nodes. In the second event, RL decoded and forwarded
the received packet to Nd node. Finally, the same packet was retransmitted from
Ns to Nd. This series of events occurred at 90 ms intervals, and a total of 26,000
packets were transmitted throughout the test. Upon implementation, the relay
node detected, re-encoded, and transmitted the packets to the destination node.
The destination node received two copies of the packets, one from the source, and
one from the relay node.
The test was conducted while the vehicle is driven along a predetermined route
with a distance of 6.5 km. There were three occupants in the vehicle; the driver and
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Table 7.1: USRP settings for Ns, RL and Nd nodes.
Frequency Setting 5.7 GHz
Antenna ANT-2.4-LCW-SMA (omnidirectional)
Tx Power -35 dBm
Modulation 16-QAM
Coding rate 12
Packet Size 100 bytes
Transmision Interval 90ms
Figure 7.8: The testbed event diagram.
two passengers.
7.2.2 Performance evaluation
Previous tests demonstrated that the intra-vehicle channel is subject to slow fad-
ing. As a result, there is a possibility that the channel will stay in deep-fade for an
extended period of time which can cause multiple consecutive packet losses. In this
work, the performance of cooperative relaying scheme in an intra-vehicle environ-
ment is presented. A cooperative relaying scheme provides two or more independent
channels, thus providing path diversity and leads to reduced packet loss.
The transmission performance in this work is evaluated by measuring the per-
centage of packet successfully received (PPSR) of each transmission schemes, as
shown in Fig.7.9. At 99.25%, cooperative relaying scheme demonstrates the highest
PPSR, followed by retransmission and direct transmission, which result in PPSR
of 97.95% and 93.80%, respectively.
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Figure 7.9: The percentage of packet received for direct, cooperative relaying and
retransmission.
Figure 7.10: The number of consecutive packet losses against time in seconds for
direct, retransmission, and cooperative relaying.
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Figure 7.11: The distribution of the number of consecutive packet losses for direct,
retransmission, and cooperative relaying.
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The number of packet loss event that occurred consecutively is shown in Fig.
7.10. The packet loss for direct and retransmission scheme show a similar pattern
and a high number of packet losses occur between time (t) = 700 to 1100 seconds.
In contrast, the cooperative relaying results demonstrate a more consistent as well
as a lower rate of packet loss throughout the test. The similarity in pattern between
the retransmission and direct scheme is due to the channel in deep fading for an
extended amount of time, hence causing multiple consecutive packet loss. The
retransmission scheme does not result in significant improvement in performance,
as the information is retransmitted over the same channel that is still in deep-fading
condition.
The distribution of consecutive packet losses and how often it occurs in direct
transmission, retransmission, and cooperative relaying is shown in Fig.7.11. The
results show that direct transmission and retransmission have a higher number of
consecutive packet losses at 11 and 19, respectively, while the highest number of
consecutive packet losses with cooperative relaying was just 6.
Overall, the results of these tests demonstrate that cooperative relaying performs
better than both direct transmission and retransmission. Through the cooperative
relaying, a PPSR of 99.25% can be achieved. The transmit power setting in this test
is set to -35 dBm (316uW), which shows that a high PPSR can be achieved even
with a low transmit power setting. The advantages of implementing cooperative
relaying are twofold; it will improve the overall PPSR, and will lead to reduced
latency through lower number of consecutive packet losses.
7.3 Summary and conclusions
In this chapter, the time-varying nature of a vehicle is discussed. Coherence time
was evaluated and found to vary between 0.2 to 1.84 seconds, with the average equal
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to 0.5 seconds. Our result is lower than the coherence time measured in [74, 78],
which could be caused by the number of occupants in our test being higher than
in other work. Based on these results, the vehicle environment can be treated as
a slow-fading channel. Through observing the fading patterns and applying the
KS-test, it is clear the channels can be treated as independent from one another.
To ensure reliable communication within a vehicle, the investigations and as-
sessments performed in the previous chapters have shown the impact of frequency-
selectivity, electromagnetic interference (EMI), and time-related fading must be mit-
igated. Time and spatial-diversity in cooperative communication offer a distinct
advantage over other methods tested. When the performance of the cooperative
relaying protocol is compared to the performances of direct and retransmission pro-
tocols, the results of foregoing tests show that cooperative relaying, with a PPSR of
99.25% has a distinct advantage over the 93.80% for direct transmission and 97.95%
for retransmission protocols.
Although the cooperative relaying result shows an increase in performance over
the other schemes, this is at the expense of lower bandwidth efficiency and increased
end to end latency [150]. As such, different cooperative relaying scheme could be
explored, such as AF which has better latency at the expense of complexity. Further-
more, Non-Orthogonal Multiple Access (NOMA) has gained ever-growing attention
from the research community, where it offers increased spectral efficiency, improved
outage, and high throughput [169]. Cooperative relaying using NOMA could po-
tentially be used in intra-vehicle wireless communications. Exploratory work on the




Conclusions and future work
This chapter concludes the thesis and discusses some potential research directions
following the work presented here. In summary, the thesis presents an essential
work with extensive results on intra-vehicle channel characteristics and highlights
the factors that could affect the performance of wireless communications in a vehicle.
The wireless communication channel in a vehicle can be described as frequency-
selective with a high level of EMI noise and slow fading dominance. The reliability
of wireless communications for an in-vehicle setting can be improved by introducing
frequency or spatial diversity to mitigate frequency selectivity, and by employing
time-diversity to minimise the impacts of both EMI and the time-variant nature
inside a vehicle.
8.1 Summary
In Chapter 3, a thorough review of current vehicle network is presented. Given the
rising complexity and costs of vehicle networks, there is pressing need for a lighter
and more flexible network solution. Wireless technologies may prove increasingly
useful. They offer significant benefits, allowing the wire harness to be reduced
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in size or eliminated altogether from vehicle network architecture. An extensive
literature review on research related to wireless communications in a vehicle shows
that there are currently no standards, nor indeed a definitive answer regarding the
most suitable technology for the vehicle environment. Therefore, it is beneficial to
investigate the channel properties from a broad perspective.
Chapter 4 discusses the measurement campaign conducted to investigate the
propagation characteristics of narrowband signals. A path loss model with the
large-scale and small-scale fading. Based on an analysis of the result, this study
demonstrates that the small-scale fading effect is not statistically dependent on the
carrier frequency. In addition, small-scale fading is much more influential than
large-scale fading in this environment. Furthermore, the Rician K-factor, which
is the ratio of the spectral component over the scattered path, shows that the K-
factor decreases with distance. The low K-factor value indicates that the multipath
component is comparable to the specular component, even when there is a direct
LOS path. Thus, the multiplicative gain from a LOS path in a vehicle environment
would not be significant as compared to other environments such as indoor and
outdoor settings .
Following the investigation of narrowband characteristics, the propagation char-
acteristics of the wideband channel are presented in Chapter 5. The vehicle environ-
ment is dense with objects such as seats and panels. It is expected that multipath
propagation characteristics to vary by locations. However, the measurement cam-
paign shows a consistent PDP exponential decay trend at each location measured.
The rms delay spread of each location is evaluated, which facilitates a comparison
of the multipath characteristics of each location and other environments; We found
this value to be slightly higher than in most indoor environments. The rms delay
spread varies slightly with location and is not correlated to distance. Determining
126
the coherence bandwidth shows that a wireless technology with a channel bandwidth
higher than 12.95 MHz will experience frequency-selective fading.
A vehicle is equipped with numerous electronic devices that are potential sources
of EMI. The number of electronic devices in a vehicle increases each year. Along
with the electrification of vehicles, this has led to a noisier and harsher electromag-
netic environment. In Chapter 6, the impact of EMI on the performance of wireless
communications in a vehicle is investigated. The standards regarding the protection
of on-board radio instruments which regulate the level of EMI that can be radiated
by a component are reviewed. The combined noise emitted by each module is multi-
plicative, creating a harsh EMI environment. The vulnerability of UWB compared
to the narrowband system is highlighted. A series of measurements to characterise
the noise generated in the vehicle environment. This study demonstrates that EMI
will be a significant factor in achieving reliable communication in a vehicle.
In Chapter 7, the time-variant nature of the vehicle channel is investigated.
This work presents the time-variation statistics and the coherence time of a vehicle
channel. The results show that the coherence time of a vehicle in motion with
passengers varies from 0.2 to 1.84 seconds, with an average of 0.5 seconds. This
suggests that the vehicle environment can be considered as a slow-fading channel.
8.2 Future work
Several topics have not been covered in this study and merit further research. This
list presents subjects for future work:
• Vehicles are classed into various segments: small, medium, large, luxury, and
more. Furthermore, vehicles have various compartments such as the engine,
passenger and boot compartments, each with different dimensions. It is im-
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portant to investigate whether the volume or dimensions of a vehicle play a
significant role in multipath statistics.
• Similarly, the impact of objects such as seats and panel linings on the delay
spread should be investigated. Understanding the significance of the materials
used in, and the sizes of objects would simplify the creation of vehicle channel
models.
• A channel investigation would be enhanced by investigating the correlation
between transmission bandwidth and channel fading statistics.
• There have been several attempts to model the vehicle channel using the em-
pirical method. A simple propagation model based on ray-tracing should be
investigated and developed.
• For this research, the work was conducted using an omnidirectional antenna.
A directional antenna could potentially improve the performance of a wire-
less system in a vehicle by increasing the LOS path gain while simultaneously
reducing multipath. The advantages of using a directional over an omnidirec-
tional antenna should be investigated.
• The performance of wireless communications in a vehicle can be improved
by introducing spatial diversity using a MIMO (Multiple-Input and Multiple-
Output) antenna. The design of wireless communications in a vehicle would
benefit from further knowledge of the coherence distance of the channel.
• It is known from literature that the separation distance of antenna in which it’s
channel characteristic can be considered to be independent from one another
is related to the carrier frequency [170]. Hence, as carrier frequency increases,
the antenna separation distance decreases. Millimetre waves (mm-waves) that
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operates at a frequency band in the tens of gigahertz has an antenna sepa-
ration distance in the range of millimetres. Thus, the benefits of mm-waves
frequencies could be exploited in a small environment with severe multipath,
where a compact multi-array antenna could be use to introduce channel di-
versity and improve the wireless network performance. However, the channel
characteristic of mm-waves band is different to sub-6 GHz band, and known to
suffers from atmospheric absorption [171]. An investigation can be performed
to investigate the benefits of multi antenna system operating at sub-6 GHz
against mm-wave band.
• A wireless network operating in a vehicle environment will experience EMI
[172]. It is known from the literature that EMI can cause burst errors, which
can be mitigated through channel coding and interleaving techniques [173,174].
An investigation could be performed to investigate the performance benefits
of different coding techniques in mitigating vehicle’s EMI.
• At the moment, there is no definite answer on the optimum channel bandwidth
for intra-vehicle communications. A frequency response measurement could
be performed, and it’s K-factor at varying channel bandwidths (narrowband,
wideband and ultra-wideband) analysed. Through this study, the advantage
and disadvantages of various transmission bandwidths can be justified.
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